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PREFACE. 



These notes on Steam Boilers have been prepared for the use of 
students at the Massachusetts Institute of Technology. They repre- 
sent part of the course of instruction in steam engineering, which makes 
a study of valve gears, the steam-engine indicator, thermodynamics, 
steam engines, and steam boilers, and which is accompanied by a course 
in applied mechanics and strength of materials. Chapter XIV. was 
prepared by Professor Schwamb. 

A part of the illustrations were made for this work, but the larger 
part were loaned to the Institute by the Hartford Steam Boiler Inspec- 
tion and Insurance, Company, by the Crosby Gauge and Valve Com- 
pany, by Hilles and Jones, by Bement, Miles, and Company, by the 
Niles Tool Works, and by the makers of boilers, boiler fitting, and 
apparatus, whose names are given in connection with the descriptive 
matter. 
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CHAPTER I. 

TYPES OF BOILERS. 

Steam boilers may be classified according to their form and con- 
struction, or according to their use. Thus we have horizontal and 
vertical boilers, internally and externally fired boilers, shell boilers 
and sectional boilers, fire-tube and water-tube boilers ; the several fea- 
tures mentioned may be combined in various ways, so as to give rise 
to a large number of kinds and forms of boilers. Again, we have 
stationary, locomotive, and marine boilers, together with a variety of 
portable and semi-portable boilers. Locomotive boilers are always 
shell boilers, internally fired, and with fire tubes ; and the restrictions 
of the service have developed a form that has changed little from the 
beginning, except in the direction of increased size and power. Marine 
boilers present a much larger variety of form and construction, yet 
present practice in marine engineering gives preference to the Scotch, 
or drum, boiler. The variety of forms and methods of construction of 
stationary boilers is very wide ; each country and section of a country 
is likely to have its own favorite type. Thus, in New England, where 
the water is good, cylindrical tubular boilers are largely used ; in some 
of the western states, where water contains mineral impurities, flue 
boilers are preferred ; and in England, the Lancashire and Galloway 
boilers are favored ; and again, various forms of sectional and water- 
tube boilers have come into use, especially in later years, with the 
increase of steam pressures. 

Cylindrical Tubular Boiler. — This type of boiler is shown by Fig. 1 
and by Plate I., and also with setting in brick work, by Plates 11. and 
III. It consists essentially of a cylindrical shell closed at the ends by 
two flat tube plates, and of numerous Jlre tubes, commonly having a 
diameter of four inches. About two-thirds of the volume of the boiler 
is filled with water, the other third being reserved for steam. The 
water line is six or eight inches above the top row of tubes. The tube 
plates below the water line are sufficiently stayed by the tubes ; above 
the water line the flat plates are stayed by through rods or stays as in 
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Plate I., by diagonal stays like those shown in Fig. 12, or otherwise. 
The furnace is under the front end of the boiler, as shown in Plates II. 
and III., and the products of combustion pass back, over a wall or 
bridge limiting the furnace, to the hack end (shown at the left-hand end 
of Fig. 1), then forward through the tubes and up the uptake or flue 
leading to the chimney. The shell commonly protrudes beyond the 
front tube plate, and is cut away at the top to facilitate the arrange- 
ment of the uptake. The boiler is supported by cast-iron brackets, 
riveted to the shell ; the front brackets may rest on, or be fixed to, the 
supporting side walls, but the rear brackets should be given some free- 
dom, so that the boiler may not be unduly strained by expansion. 
For the same reason space is left between the back tube plate and arch. 
Plates II. and III. show the rear brackets provided with rollers and 
iron bearing plates. Figure 1 and Plates II. and 111. show a vertical 
steam drum on top of the boiler, from which steam is drawn. Plate I. 
shows only two steam nozzles near the ends of the< boiler. The boiler 
is provided with a manhole on top and hand holes near the bottom at 
the ends, to give access to the interior of the boiler, and facilitate 
washing out. Plate I. shows the feed pipe, entering just in front of 
the rear steam nozzle ; it drops down, and then has two horizontal 
branches perforated on top to distribute the water. The same plate 
shows an opening in the bottom near the rear tube plate for the hlovy- 
out pipe, used in emptying the boiler. About half the shell, two-thirds 
of the rear tube plate, and all the inside of the tubes come in contact 
with the products of combustion, and form the heating surface: all the 
heating surface is below the water line. 

The boiler setting, shown by Plates II. and III., is brick laid in 
cement or mortar; all parts that are directly exposed to the fire are 
lined with fire brick. The walls are laid with confined air spaces to 
reduce transmission of heat. The boiler front is commonly made of cast 
iron, and has^?*e doors leading to the furnace, and ash-pit doors opening 
from the a^h pit, or space below the grate ; there are also large doors 
giving access to .the tubes, through the smoke box at the front end of 
the boiler. The furnace is formed by the side walls, the bridge, and the 
lower part of the boiler front, which latter should be lined with fire 
brick above the grate. Doors through the rear wall give access to the 
space back of the bridge. The side walls are tied together by through 
rods and buck staoes. The top of the boiler is protected by a brick arch 
or, more commonly, it is covered with non-conducting material. 

Two-Flue Boiler. — The cylindrical flue boiler differs from the 
tubular boiler mainly in replacing the fire tubes by two or more large 
flues. To provide sufficient heating surface the length of the boiler 
is greater than that of a tubular boiler of the same size. A two-flue 
boiler is shown by Fig. 2. 

As co^lpared with the tubular boiler it is simpler and gives better 
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access to the interior tor cleaiiiitg, — advantages which recommend it 
where water is biul, even though it shows poor coal economy. 

Plain Cylindrical Boiler. — In places where fuel is verj- cheap, 
especially where it is :t waste product, as at saw mills, the plais 
cylindrical boiler is fre(iuently used. Its entemal appearance is 
similar to that of the two-flue boiler 
(fig. -), except that there are no 
flues and the ends are commonly 
hemispherical or else curved to a 
1 :ulius equal to the diameter 
tlie shell. Such plain cylindrical 
i"iilers are also employed to utilize 
the waste gases from blast furnaces. 
They are commonly 3<) to 42 inches 
i:i diameter and from 20 to 40 feet' 
!ung. Thej have been made 70 feet 
lung. With such extreme lengtltf 
s]*eial care must be taken to ensui 
equal distribution of the weight oveej 
the supports and to provide for] 
expansion. 

Lancaihire Boiler. — This boiler, 
shown by Figs. 3 and 4, is a two- 
flue shell boiler with furnaces in 
the tubes; it is therefore an int»r- 
nally fired boiler, in which it differs 
from the two preceding types, which 
are externally tired. The chief dif- 
ficidtj in the design of these boilers 
is to pro\-ide sufficiently longer for- 
niices without making the external 
shell too large. As compared with 
the cylindrical tubular boiler, this 
boiler will be sure to have long, nar- 
row grates, with a shallow ash pit 
and a low fumjice crown : the boiler 
also appears to be deficient in heating 
In compensation, radiation and loss of heat from the furnace 
PLare almost entirely done away with, and the thick outside shell, with 
' its riveted joints, is not exposed to the fire, as with the tubular boiler. 
The flues are made in short sections riveted together at the ends, thus 
forming a series of stiffening rings that add very much to the strength 
.- of the flues against collapsing. Conical through tubes, vertical or 
binclined, give increased heating surface, break up the currents of -the 
Slot gases, improve the circulation of the water, and strengthen the 
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flues. These tubes are small enough at the lower end to pass through 
the hole cut in the flue for the upper end, and thus are readily put in 
or taken out for repairs. 

The flat plates at the 
ends of the shell are stayed 
by gusset slays or triangu- 
lar, flat plates to the shell 
of the boiler. The boiler 
is provided with a man- 
hole near the l>ack end, and 
a safety valve near the 
front end. Steam is taken 
through a horizontal dry 
pipe, perforated on the top. 

Oalloway Boiler. — This 
boiler has two furnace flues 
at the front end, like the 
Lancashire boiler. Beyond 
the furnace, the two flues 
merge into one broad flue, 
having the upper and lower 
surfaces stayed by numer- 
ous conical through tubes, 
like those shown in Fig. 3, 
for the Lancashire boiler. 

Contish Boiler. — This 
boiler was developed in 
conjunction with the Cor- 
nish engine, and both boiler 
and engine long had a rep- 
utation for high efficiency.. 
It differed from the Lan- 
cashire boiler in that it 
had but one flue; it for- 
merly did not have cross 
tubes. The one furnace of 
the Cornish boiler, with a 
given diameter of shell, 
can have better propor- 
tions than the two fur- 
naces of the Lancashire 
boiler, but there is even 
greater difficulty to get 
sufficient grate area and 
heating surface. The high 
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economy shoTn by these boilers when used with the Gomish pumping 
engine was due to the slow rate of combustion and to the skill ajid 
care of the attendant, who was usually the ei^ineer for the pump, and 



who was stimulated by a system of comjietition and awards main- 
tained by the mine owners in that district of the country. Figure 5 
gives a cross-section of a Cornish boiler. 



Vertical Boiler*. — Vertical boilers, like that shown by Fig. 6, are 
commonly used for small powers; large vertical boilers are used to 
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some extent, and when properly designed and constructed they work 
satisfactorily and with good economy. 

The furnace of a vertical boiler is in a cylindrical fire box in the 
lower end ; a fire door through the double shell gives aceesa to the fire, 
and an ash pit is provided below the grate ; in the figure the ash pit is 
a eastiug that forms the base of the boiler. When the fire box is of 
any considerable size, it is stayed to the outer shell by i 
bolts. This form of boiler is pow- 
erful for its size and weight, requires 
no foundation, and is well adapted 
for hoisting, pile driving, and vari- 
ous other kinds of work requiring 
a compact, portable boiler; it is 
w^asteful of fuel when made as shown 
in Fig. C. Longer vertical boilers 
are provided with numerous small 
tubes of coDsidei-able length ; they 
may be 16 to 20 feet long and two 
inches in diameter. Since the tubes 
extend through the steam space, 
vertical boilers supply superheated 
steam. If the boilers are forced 
and if the tubes are short, they are 
liable to be burned at the upper ends. 
To avoid this trouble, a sunken tube 
plate is used at the upper end of 
the boiler in order that the water 
line may be carried above the ends 
of the tubes. Figure 7 shows a form 
of upright boiler, with a simken 
tube plate, that was at one time 
commonly used for steam fire 
engines. 

At the present time, fire engines 
have commonly a combination of 
fire tubes and water tubes. Fig- ^^^ g_ 

urea 8 and 9 show the vertical and 

horizontal sections of the Clapp boiler, built by the American Fire 
Engine Co. In addition to the fire tubes extending from the lower to 
the upper tube sheets, there are coiled seamless copper tubes in the 
combustion chamber over the fire, each of which takes water from the 
fire-box wall and delivers the heated water, or mixture of water and 
steam, through the crown sheet. The crown sheet is commonly covered 
with water to the depth of a few inches, but is protected from the fire 
by the coiled fire tubes even should it become dry. IWi^ X.Ve, 'asCw.ft- 
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tubes are rolled in a helix of small diameter, there is a space iaaide 
■which would act as a flue and concentrate the draught if it were not occu- 
This space is filled by a fire deflector made 
f several sections j each one eonsiats of a hori- 
,1 aunular tube with a horizonbil diametrical 
tetbe, and an inverted vertical U tube cDniiecting 
rith the next higher section. The series of ileflec- 
Ftors is supplied with water from the fire-biix wall 
and delivers water and steam through an opening 
in the crown sheet. Figure 10 shows one section of 
the deflector. 

Harine Boilers. — A single-ended, two-fumace Scotch boiler is 
shown in perspective by Fig. 11, and in section and elevation by 
Plate IV. 

The arrangement of the furnaces in the flues is simDar to that 
shown by Figs. 3 and 4 for the Lancashire boiler. The furnace flue 
leads into a combustion chamber, from which the products of combus- 
tion pass through tubes to the uptake at the front end of the boiler. 
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Lai^ marine boilers have thiec or four fiirnaees. A three-furnace 
ipiler commonly has three combustion chambers, while a four- 
ice boiler may have two, into each of which two furnaces lead, 
mble-ended boilers have furnaeeB at each end, aud reaamfeVfe V-wo 
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single-ended boilers placed back to back, A double-ended boiler is 
lighter, cheaper, aud occupies less space than two single-ended boilers 
having the same capacity. In the best practice there are two distinct 
sets of combustion chambers for the two sets of furnaces ; in order to 
still further lighten double-ended boilers, common combustion chambers 
for corresponding furnaces at the two ends have been used, but the 
results have not beeu satisfactory. 

Gnaboat Boilers. — In some of the smaller naval vessels, where 
there is not sufficient head room for a Scotch boiler, the form of 
boiler shown by Fig. 12 has been used. 

Locomative Bailers. — The locomotive boiler, as shown by Plate V., 
consists essentially of a rectangular fire box with a grate at the bottom, 
and a cylindrical barrel through which numerous tubes pass to the 
smoke box, which forms a continuation of the barrel and from which 
the products of combustion pass up the smoke t>tatk A. very rapid rate 




of combustion of fuel on the grate is obtained by throwing the exhaust 
steam through the smoke box into the smoke sta«k, in such a way as 
to produce a steam blast Figure 13 gives the external appearance of a 
boiler of the locomotive type arranged for stationary work. Such a 
boiler is known as a portable or semi-portable boiler, since it can easily be 
moved from place to place and requires little or no setting or foundation. 
Baboook and Wilcox Boiler. — This boiler, which is shown by 
Figs. 14 and 15, is a water-tube boiler having a cylindrical shell tc 
furnish steam space, and in which is the free-water surface for the dis- 
engagement of steam. The tubes are expanded into vertical headers at 
each end ; the front-end headers open into a cross-connection in com- 
munication with the cylindrical shell, while the back-end headers are 
connected with a similar cross-connection by slightly inclined pipes. 
The tabes in each section are staggered so that the tubes taken as 
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a whole are in horizontal rowsj but not in vertical rows — an arrange- 
ment that gives a better spreading of the proiucta of combuation 
I among the tubes. At each end of ea«h tul>e are hand holes that give 
[ accesa to the inside of the tube when it needs cleaning or sealing. By 
I the aid of a brick bridge wail at the end of the furnace and a continua- 
I tion of this wall formed of special tiles, through the tubes, togethra 
I with a hanging bridge wall similarly (iontinued through the tubes, the 
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)diicts of combustion pass over the tubes three times on the way to'] 
) uptake at the ba^k end of the boiler. The lower half of the cylin- 
[ drical shell serves as heating surface, but it is at such a height above 
I the fire, and is so shielded by the water tubes, that it is not liable 
^te be overheated. The boiler is hung from cross-gii-ders front and 
ick, which in turn are supported on iron columns, and the brick set- 
B only a screen to retain the heat. 
The circulation of the water in the boiler ia Ao'Kii Ito'va 'C&e, ^"^ *^. 
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the rear to the water tubes, forward and upward through the tubes, 

in which course it is partially vaporized and consequently has a less 

I average deusity, then up into the shell, at the front where tlie steam and 




water separate: tin.' u.il^i lii Liu- ^ln-ll lluws I'l.iituiitaUy from the front 

to the rear to supply the current through the tubes. 

The Soot Boiler. — The general apjiearanee of the Root boiler ia 

■ shown by Pit;. 16, and details of construction are shown liy Fig. 17. 

I'airs ot tubes are Brst expanded 

into headei-8 at the end, as shown 

l>j 1, Fig. 17; then several pairs. 

shown by 2, 1 
form a vertical section, by the i ' 
of bends, of which 3 gives furthei 
details. The joints between 1 
benils and headers are maile ti 
by aiii of a metallic packing r 
shown l)y 4. Tlie conical bear 
on the bend shown by 5 expandG 
the ring into a recess in the h( 
shown by 6, thus making a s 
tight joint. Each section 1 
drum at the top. as b 
in Fig. 16, and at the back e 
drum are pipes lea 
up into the transverse ste 
and downward into a transvera 
water pipe at mid-height of 1 
boiler. Near each end of the d 
height water pipe are vertical-J 
pipes commnnicatiug with the endfl I 
of a transverse mud drum, from! 
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vhich a series of' pipes 
lead to the sections of the 
boiler. The -*atep circu- 
lation 13 d'jwn from the 
back ends to the mud 
drums, then 'badtiMul 
forth through all the tubes 
of a section to the fiont 
ends of the steam drums 
in which the steam and 
water separate, the steam 
passing into the trans- 
verse steam drum, and the 
water returning through 
the back connections to 
the sections. The prod 
nets of combustion pass 
over the tubes ^ TM-timoo 
before escaping to the 
furnace. 

The Thornyoroft Boil- 
er. — This boiler, whuh 
was specially designed for 
service in torpedo boats 
and to work under forced 
draught, is represented bj 
Figs. 18, 19, and 20 

It consists of two hon 
zontal cylinders placed at 
the sides of the grate, and 
one larger cylinder at the 
top, together with water 
tubes and circulating 
pipes. The water tubes 
are expanded mto the 
cylinders at the top and 
bottom, and are aiianged 
in longitudinal rows, the 
tubes in any row being 
elose together, so that the 
products of combustion 
cannot pass between them 
The products of (ombus- 
tion pass through the 
spaces between the lower 
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I ends of the tubes, and thence up among the tubes to the funnel. 

I circulation of the water is down through the circulating pipes in 
of the boiler, into the lower cylinders, thence up through the water" 
tubes, when the rapid vaporization produces a mixture of water and 
Bteain that is discharged into the top of the upper cylinder, on a 
semi-circular shield. The st«am separates from the water in the uppeiH 
cylinder and is withdrawn through a dry pi^^e under the shield. 



^^P The boiler is enclosed i 

conducting material 

The Almy Boiler — This boiler which is represented by Fig. 23jj 
is made of short lengths of pipe screwed into return bends and infej 
twin unions. At the bottom la i laige tube or pipe forming three sidei 
of a square at the '^ides ind bact of the grate From this water spi 
the tubes lead into a simil vr '(tincture at the top The steain and wate^ 
are discharged into a separator in front of the boiler, from which stcM 
i drawn, while the water separated therefrom, together with the fi 
water, pass down through circulating pipes to the bottom of the boile^ 
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CHAPTER II. 

FUELS AND COMBUSTION. 

The fuels used for making steam are coal, coke, wood, charcoal, 
peat, mineral oil, and natural and artificial gas. Various waste and 
refuse products, such as straw, sawdust, and bagasse are burned to 
make steam. 

All coals appear to be derived from vegetable origin, and they owe 
their differences to the varying conditions under which they were 
formed, or to the geological changes which they have undergone. 

Anthracite Coal consists almost entirely of carbon and inorganic 
matters; it contains little if any hydrocarbon. Some varieties, for 
example certain coals found in Rhode Island, appear to approach 
graphite in their characteristics, and are burned with difficulty unless 
mixed with other coals. Good anthracite is hard, compact, and lus- 
trous, and gives a vitreous fracture when broken. It burns with very 
little flame unless it is moist, and gives a very intense fire, free from 
smoke. Even when carefully used, it is liable to break up under the 
influence of the high temperature of the furnace when freshly fired, 
and the fine pieces may be lost with the ash. 

Semi-Anthracite or Semi-Bituminous Coal is intermediate in its prop- 
erties between anthracite coal and bituminous coal ; it contains some 
hydrocarbon, is less dense than anthracite, it breaks with a lamellar 
fracture, and it burns readily with a short flame. 

Bitominoos Coals contain a large and varying per cent of hydrocar- 
bons or bituminous matter. Their physical properties and behavior 
when burning vary widely, and with all intermediate gradations repre- 
sented, so that classification is difficult. Three kinds may, however, be 
distinguished, as follows : — 

Dry bituminous coals, which burn freely and with little smoke and 
without caking. 

Caking bituminous coals, which swell up, become pasty and cake 
together in burning. They are advantageously used for gas making. 

Long-flaming bituminous coals, which have a strong tendency to pro- 
duce smoke ; some do and some do not cake while burning. 

Coke is made from bituminous and semi-bituminous coal by driving 
off the hydrocarbons by heat. Coke made as a bi-product in gas 
retorts is weak and friable and has little value for making steam. 
Coke made in coking ovens by partial combustion of tha eo^l ^\3dR,\3L\s» 
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coked, is of a dark gray color, iK)r()us, hard, and brittle. It has a 
metallic lustre and gives out a slight ringing sound when struck. 
Sulphur in the coal may be burned out in coking, if the coal is moist or 
if steam is sui)plied during coking, so .that coke may be comparatively 
free from this noxious element even when made from a i)oor coal. Coke 
burns without flame and makes a tierce tire when forced. 

Lig^te, or brown coal, is of more recent geological formation than 
coal, and is in a manner intermediate between coal and peat. It fre- 
quently contains much moisture and mineral matter. It is used where 
good coal is difficult to get, and while the better varieties form a useful 
fuel, the poorer qualities have little value. 

Peat, or turf, is obtained from bogs. It consists of slightly decayed 
roots of the swamp vegetation mingled with more or less earthy mat- 
ter. For domestic use it is cut and dried in the air. It is little used 
for making steam, though when pulverized, dried, and compressed it 
makes a useful artificial fuel. 

Wood is used for making steam either in remote places where coal 
is hard to get and timber is plenty, or where sawdust or other refuse 
wood is produced in quantity in manufacturing operations. Wood is 
also used for kindling coal fires. One cord of hard wood is equivalent 
to one ton of anthracite coal ; one cord of yellow pine is equal to half 
a ton of coal ; other soft woods are, as a rule, of less value for fuel. 

Charcoal is made by charring wood ; it is but little used for making 
steam. 

Mineral Oil, in the form of crude petroleum or the refuse heavy oil 
left from the distillation of petroleum, is used for making steam, espe- 
cially in the neighborhood of the Black Sea oil field, and by steamers 
canying oil from those fields. It is customary to throw the oil into 
the furnace in the form of finely divided spray through special spray- 
ing apparatus worked either with compressed air or with superheated 
steam. The use of superheated steam has its convenience only to 
recommend it, for it adds to the inert material to be uselessly heated. 
Special precautions must be taken when petroleum is burned, to avoid 
flooding the furnace with oil and to prevent explosions of the vapor 
and burning of the oil in tanks or receptacles. 

Gases. — Natural gas, from gas wells, has been used for making 
steam, usually in a crude and wasteful way. Some attempts have 
been made to use gas made from poor and smoky coal, in producer fur- 
naces like those used in metallurgical operations ; but the gain to 
be expected is only the suppression of the smoke nuisance, which is 
rather a social than an economical problem. 

Artificial Fuels. — The small waste from coals and charcoals, saw- 
dust, and other fine combustible material which cannot be sold in such 
shape is sometimes made into cakes or briquettes by mixing it with 
some adhesive material, and then compressing it. The cohesive 
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materials have been wood or coal-tar, or else clay. Tar is available 
in limited quantities only, and clay is disadvantageous since it adds to 
the inert material, of which the fine fuel is liable to have an excess. 
Artificial fuels have some advantages for special purposes, and can be 
stored compartly; they are used mostly where good fuel is difficult 
to get. 

Composition of Fuels. — The composition of various American and 
foreign fuels is given in the following table: another table, which 
gives also the heat of combustion, is given on page 21. 

COMPOSITION OF COALS, PER CENTS. 



Description of Coal. 



Anthracites, 

French . . . 

Welsh . . . 

Rhode Island . 

Pennsylvauian 
Sehi-bituminocs, 

Maryland . . 

Welsh . . . 
Bituminous, 

Pennsylvanian 

Indiana . . 

Illinois . . 

Virginian . 

Alabama 

Kentucky . 

Cape Breton 

Vancouver's Island 

Lancashire gas-coal 

Boghead cannel . 
Lignites, 

Californian brown coal 

Australian brown coal 
Petroleums, 

Pennsylvanian, crude 

Caucasian, light . . 
* * heavy 

Petroleum refuse . . 
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y. 


■^ 


o 


» 


u 
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>> 


U 


S 


90.9 


1.47 


91.7 


3.78 


85.0 


3.71 


78.6 


2.5 


80.0 


5.0 


88.3 


4.7 


75.5 


4.93 


69.7 


5.10 


61.4 


4.87 


57.0 


4.90 


53.2 


4.81 


49.1 


4.95 


67.2 


4.26 


66.9 


5.32 


80.1 


5.5 


63.1 


8.9 


49.7 


3.78 


73.2 


4.71 


84.9 


13.7 


86.3 


13.6 


86.6 


12.3 


87.1 


11.7 



o 



1.53 
1.30 
2.39 
1.7 

2.7 
0.6 

12.35 

19.17 

35.42 

26.44 

32.37 

41.13 

20.16 

8.76 

8.1 

7.0 

30.19 
12.35 

1.4 
0.1 
1.1 
1.2 



S5 



1.00 
1.00 
1.00 
0.8 

1.1 
1.4 

1.12 

1.23 

1.41 

1.70 

1.62 

1.70 

1.07 

1.02 

2.1 

0.2 

1.0 
1.11 



Su 

an 



0.80 
0.72 
0.90 
0.4 

1.2 

1.8 

1.10 

1.30 

1.20 

1.50 

1.30 

1.40 

1.21 

2.20 

1.5 

1.0 

1.53 
0.63 



00 



4.3 

1.5 

7.0 

14.8 

8.3 
3.2 

5.0 
3.5 
5.7 
8.4 
6.7 
7.2 
6.1 

15.8 
2.7 

19.8 

13.8 

8.0 






1.35 
1.37 
1.42 
1.45 

1.33 



1.32 
1.25 
1.31 
1.32 
1.30 
1.28 
1.33 
1.28 



1.32 
1.27 

0.886 
0.884 
0.938 
0.938 



Heat of Combustion. — The number of thermal units developed by 
the complete combustion of one unit of weight of a fuel is called the 
heat of combustion. It can be determined by burning the fuel in a 
properly constructed calorimeter. The most recent and best re^xilt^ 
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are those of Mahler/ who bums the fuel in a finely divided state in 
an atmosphere of oxygen at a high pressure, inside of a wrought-iron 
receptacle or l)oinb, which is placed in a calorimeter filled with water, 
and wrapped with non-conducting material. The corrections for this 
form of calorimeter are determined by burning in it some substance 
like naphthaline, for which the heat of combustion is known. The calor- 
imeter and the process of using it are simple and direct, the difficul- 
ties being those incident to the accurate measurements of temperatures 
for which the best physical thermometei-s and considerable special skill 
are required. AVliile an engineering exj^ert may, and perhaps ought to, 
acquire the skill required for determining heat of combustion of fuels, 
an engineer in general practice will commonly find it advantageous to 
refer such work to a physicist. It is not too much to say that all 
crude forms of apparatus for determination of heat of combustion of 
fuels are useless and misleading. The table on the next page gives the 
results of the determinations of heat of combustion of several fuels 
which have been selected from those reported by Mahler. 

The heats of combustion of carbon in various forms as determined 
by Berthelot ^ are : — 

Diamond 7859 calories. 

Diamond bort 7860.9 " 

Graphite 7901.2 "• 

Amorphous from wood 8137.4 *' 

The following table gives the heat of combustion of some elements 
and simple gases : — 



, -J 



Carbon burned to C()^ . 
Carbon burned to CO . 

Hydrogen 

Marsh gas, CH^ . . . 
defiant gas, C2H^ . . 
Carbon dioxide . . . 



8,140 calories; 14,650 B.T.U. 

4,400 
34,500 " 62,100 

23,513 

21,343 

4,393 



The great loss from incomplete combustion to CO instead of CO2 
is evident from the table. The heat of combustion given in the table 
is calculated as follows : the combustion of one pound of carbon pro- 

duces — ^ — = 2^ pounds of CO, and develops 4400 B.T.U., so that 

14,650-4400^^333 

/^Calcnlation of Heat of Combustion. — It is customary to calculate 
the heat of combustion of a fuel on the assumption that the oxygen 
in the fuel renders inert its equivalent of hydrogen, and that the 

1 Bulletin de la Society d' Encouragement pour Tlndustrie national, 1891. 

2 Coinptes rendu, 1889. 



FUELS AND COMBUSTION. 






II tf 



^ o o 



4ii 



I- I 



S I E i 



1 B a. II 



3 2 = 5 = 

SB '; ?! .» 

Ill- J 

.5 5 5 = 



S g K .2 ' i 
K I i £ =: ! 



,SSZ Siis ^c 






sss g = s 






ESi 55 il 



£ S i si: Sit 5 '2 B "s S = s 



iSSliS* K 









iiilliy] 
iiililin 



^^ 



22 STEAM BOILERS. 

remainder of the hydrogen and all of the carbon in the fuel is available 
for producing heat. In the form of an etjuation this may be written, 

Heat = 14,650 C j- 62,100 (H— i-O), 

in which C, H, and represent the weights of carbon, hydrogen, and 
oxygen found in one pound of fuel. 

Mahler finds that the heats of combustion of fuels, determined by ' 
him (part of which are given in the table on page 21), can be repre- 
sented by the empyrical formula, using French units, 

Heat = 8140 C + 34,500 H - 3000 (0 + N). 

This last equation with English units becomes 

Heat = 14,650 C + 62,100 H - 5400 (0 + N). 

C " < In these equations the letters C, H, 0, and N represent the weights 
of hydrogen, oxygen, and nitrogen (exclusive of ash and hygroscopic 
moisture) in one kilogramme or one pound of fuel. 

Example. — Find the heat of combustion of Pennsylvanian bitumi- 
nous coal (see page 19). 

By the equation at the top of this page, 

Heat = 14,650 x 0.755 + 62,100 foM93 - 9^^\ = 13,166 B.T.U. 

By Mahler's equation, 

Heat = 14,650 x 0.755 + 62,100 x 0.0493 - 5400 (0.1235 + 0.0112) 
= 13,394 B.T.U. 

Air required for Combustion. — Neglecting moisture and carbon 
dioxide, the atmosphere is composed, by weight, of 

Oxygen . 0.236 

Nitrogen 0.764 

1.000 
and by volume of 

Oxygen 0.213 

Nitrogen 0.787 

1.000 

Fot rough calculations it is customary to consider that the atmos- 
phere is made up of one volume of oxygen and four volumes of 
nitrogen. This approximation is sufficient for calculations of the air 
required by fuels and for similar purposes, and will be found very 
convenient. 
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For convenience, the properties of the elements of fuels and their 
products of combustion are assembled in the following table : — 



Carbon . . . . 
Hydrogen . . . 
Oxygen . . . . 
Nit^rogen . . . . 
Carbon dioxide . . 
Carbon monoxide . 

Water 

Air 

Ash 



>5 

ti O 

Oh 

o © 
cq &. 
» 5? 
>" O 
CCvJ 



c 

H 
O 

N 
CO., 
CO 
H.,0 



lU 

?« S ;5 

2 o « 



12 
1 

16 

14 

12 + 2 X 16 

12 + 16 

2 + 16 



Specific 
Volumes. 


Specific Heat 
IN Gaseous 
Condition. 


• • • 


• • • 


178.881 


3.409 


11.2070 


0.2175 


12.7561 


0.2438 


8.10324 


0.2169 


12.81 


0.2450 


• • • 


0.4805 


12.3909 


0.2375 


• • • 


0.2 

1 



H 

O 
© 



P^O 



0.005590 

0.08928 

0.07837 

0.12341 

0.07806 

■ • • 

0.08071 



The air reG[uired for combustion of a fuel of known composition 
may be estimated by aid of the chemical composition of the product 
of combustion. A few examples will make the process clear. 

One pound of carbon burned to CO2 will require 

2 X 16 -5- 12 = -I = 2|- 

pounds of oxygen, and, since air is 0.236 part oxygen, the air required 

will be 

2| -^ 0.236 = 11.30 pounds. 

If it be assumed that air is composed of one part of oxygen by 
volume to four of nitrogen, then it appears that 

(16 + 4 X 14) -f- 16 = f 

pounds of air will be required to furnish one pound of oxygen, and 
we shall then have, for the air required by one pound of carbon, 

I X f = 12 pounds. 

This result is often quoted and is easily remembered. 
One pound of hydrogen burned to HgO requires 

ixl6 = 8 

pounds of oxygen, to furnish which 

8-5-0.236 = 33.9 



pounds of air must be supplied. 
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The assumption that air is one volume of oxygen to four of nitro- 
gen, gives in this case 

8xf=36 

pounds of air per pound of hydrogen. 

The combination of the approximate estimates of the quantity of 
air required for carbon and hydrogen, with the assumption that is used 
in estimating the heat of combustion, of fuels, namely, that the oxy- 
gen in the fuel renders inert its equivalent of hydrogen, and that the 
remainder of the hydrogen is available for combustion, gives the fol- 
lowing equation, — 

Air=12C + 36(H-|0), 

for calculating the air required for a given fuel. In this equation C, 
H, and represent the weights of carbon, hydrogen, and oxygen in 
one pound of fuel. 

An application of the above formula to Pennsylvanian bituminous 
coal, for which the analysis appears on page 19, gives 

Air = 12 X 0.755 + 36 foM93 - 9^?^\^ io.3 pounds. 

This result is somewhat larger than would be obtained were the 
more exact composition of the atmosphere given on page 22 used, 
together with the assumption that the oxygen renders inert its equiva- 
lent of hydrogen ; but the method is not sufficiently well grounded to 
warrant much refinement. 

As a further illustration of the method, the following calculation of 
the air required for one pound of olefiant gas may be interesting. This 
gas, having the composition C2H4, consists of 

^ = ^ carbon. 



2 X 12 + 4 X 1 
4x1 



= ^ hydrogen. 



2x12 + 4x1 
and will require 

^ X 11.24 + 1 X 33.9 = 14.5 pounds of air. 

Air for Dilution. — In order to secure complete combustion of coal 
in the furnace of a boiler, it is necessary to supply an excess of oxygen, 
or, what amounts to the same thing, an excess of air. This excess 
varies from one-half the quantity required for combustion to an equal 
quantity. Thus, roughly, from 18 to 24 pounds of air may be furnished 
per pound of carbon, and from 54 to 72 pounds of air per pound of 
hydrogen. 
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Volume of Air for Combustion. — The specific volume of air at a 
given pressure and temperature may be calculated from the character- 
istic equation for perfect gases, which can be conveniently written 

pv _T 

PoVo TJ 

in which p^, % and Tq represent the specific pressure, the specific 
volume, and the absolute temperature at the freezing-point of water 
and at normal atmospheric pressure, while p, v, and T represent the 
corresponding properties under the given conditions. 

The normal pressure of the atmosphere may be taken to be 14.7 
pounds per square inch, or 29.92 inches of mercury. The variations of 
the pressure of the atmosphere may frequently be neglected in this 
work. For a rough estimate, the specific volume of air at 60° F. may 
be taken to be 13 cubic feet, and then the cubic feet of air required per 
pound of the elements of fuel will be represented by the following 
table : — 

Without With 50 % With 100 % 
dilution. dilution. dilution. 

Carbon ....... 160 225 300 

Hydrogen 600 725 1000 , 

A more careful estimate should be made for each spiral case, as 
illustrated by the following example : — 

Example, — Required the weight and volume of air required for 
combustion of Pennsylvanian bituminous coal (see page 19) with 50 
per cent dilution, the temperature of the atmosphere being 70** F. and 
the height of the barometer (reduced to 32° F.) being 29 inches. 

Assuming that the oxygen in the coal renders inert its equivalent of 
hydrogen, the coal contains 



4.93 - i^^^ = 3.39 per cent 
8 ^ 



of available hydrogen, and 75.5 per cent of carbon. The oxygen 
required for combustion will be 

2| X 0.755 + 8 X 0.0339 = 2.284 pounds. 

The air required by the fuel without dilution will be 

2.284 -^ 0.236 = 9.7 pounds. 

With 50 per cent dilution, the air required will be 13.5 pounds per 
pound of coal. 

The specific volume of air at 70° F. and at 29 inches of mercury is 

12.39 X ^?M X ?5^ = 13.77, 
492.7 29 
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30 that the volume of air required per pound of coal will be 

13.8 X 1).7 = 134 cubic feet, 
and the volume with 50 per cent for dilution will be 200 cubic feet. 

Air per Pound of Coal. — The amount of air supplied per pound of 
coal may be determined either by measuring the air supplied to the 
furnace or by lui analysis of the products of combustion. 

For the hrst method the following arrangement has been used in 
boiler tests at the Institute of Technology. Tlie ash-pit doors are 
removed and a sheet-iron mouthpiece is htted over the opening into 
the ash-pit. The air for combustion is supplied by a cylindrical sheet- 
iron conduit leiuling into this mouthpiece. The area of the conduit 
should be at best equal to the area of the tire door or tire doors, and its 
length should be several times its diameter. The velocity of the air in 
the conduit is measured by an anemometer from which the volume of air 
is readily calculated, and its weight determined from the temperature 
and pressure of the atmosphere. The joint between the mouthpiece 
and the furnace front must be luted to avoid leakage, and leaks or 
admission of air to ths furnaee otherwise than through the sheet-iron 
conduit must be stopped or allowed for. Anemometers, even when 
tested and rated, are liable to be affected by errors of two per cent or 
more. They are commonly tested by swinging them on a revolving 
arm through still air, a method that is proper for small or moderate 
velocities, but difficult to use, and is vitiated by the action of centrif- 
ugal force at high speeds. An ideal way of testing an anemometer 
would be to find its reading in such a conduit when the weight, and 
consequently the velocity, of the air per second is known. The weight 
may be determined by causing the supply of air to flow through a well- 
rounded orifice, to which calculations by Fliigner's equations may be 
applied. This method for large conduits would involve the use of a 
very large air compressor, which makes it hardly practicable. 

Orsat's Gas Apparatus. — This apparatus, whi(;h is well adapted to 

the analysis of flue gases, determines the proportion by volume, of 

the carbon dioxide, carbon monoxide, and oxygen in the air. The 

. remainder of the flue gases is commonly assumed to be nitrogen, but it 

\! . includes unburned hydrocarbon, if there be any, and steam or vapor 

' of water. In Fig. 22, -4, J5, and C are pipettes containing, respectively, 

solution of caustic potash to absorb carbon dioxide, pyrogallic acid and 

caustic potash to absorb oxygen, and cuprous chloride in hydrochloric 

acid to absorb carbon monoxide. 

At TF is a three-way cock to control the admission of gas to the 
apparatus ; at 2> is a graduated burette for measuring the volumes of 
gas, and at P is a pressure bottle connected with 2) by a rubber tube to 
control the gases to be analyzed. The pressure bottle is commonly 
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filled with water, but glycerine or some other fluid may be used when, 
in addition to the gases named, a determination of the moisture or 
steam in the flue gases ia made. 

The several pipettes A, B, and C are filled to the marks a, 6, and c 
with the proper reagents, by aid of the pressure bottle P. With the 
three-way cock to open to the atmosphere, the pressure bottle P is raised 
till the burette D is filled with water to the mark m, ; communication is 
then made with the flue, and by lowering the pressure bottle the burette 
is filled with the gas to be analyzed, and two minutes are allowed for the 
biirette to drain. The pressure bottle is now raised till the water in 
the burette reaches the zero mark and the clamp A; is closed. The 
valve W is now opened momentarily to the atmosphere to relieve 
the pressure in the burette. Now open the clamp k and bring the 
level of the water in the pressure bottle to the level of the water in 
the burette, aud take a reading of the volume of the gas to be analyzed ; 




all readings of volume are to be taken in a similar way. Open the cock 
a and force the gas into the pipette A by raising the pressure bottle, 
so that the water in the burette comes to the mark m. Allow three 
minutes for absorption of carbon dioxide by the caustic potash in A, 
and finally bring the reagent to the mark a a^ain. In this last opera- 
tion, brought about by lowering the pressure bottle, care should be 
taken not to suck the caustic reagent into the stopcock. The gas is 
again measured in the burette and the diminution of volume is 
recorded as the volume of carbon dioxide in the given volume of gas. 
In like manner the gas is passed into the pipette S, where the oxygen 
is absorbed by the pyrogallie acid and caustic potash ; but as the 
absorption is less rapid than was the case with the carbon monoxide, 
more time must be allowed, and it is advisable to pass the gas back and 
forth, in and out of the pipette several times. The loss of volume is 
recorded as the volume of oxygen. Finally, the gas is passed into the 
pipette C, where the carbon monoxide ia absorbed by cuprous chloride 
in hydrochloric acid. 
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The solutions are as follows : — 

A. Caustic potash, 1 part; water, 2 parts. 

B. Pyrogallic acid, 1 gramme to 25 c.c. caustic potash. 

C. Saturated solution of cuprous chloride in hydrochloric acid 

having a specific gravity of 1.10. 

The absorption values per cubic centimetre of the reagents are 

A. Caustic potash absorbs 40 c.c. carbon dioxide. 

B. Pyrogallate of potassium absorbs 22 c.c. oxygen. 

C. Cuprous chloride absorbs 6 c.c. carbon dioxide. 

Calculation for Oas AnaAysis. — The calculation of the amount of 
air supplied per pound of carbon and per pound of coal, from the 
known chemical constituents of the flue gases, is best shown by an 
example. 

Example. — Let it be assumed that the analysis of the flue gases 
resulting from the burning of Pennsylvanian bituminous coal gives by 
volume, 13 per cent of carbon dioxide, 0.5 per cent of carbon monoxide, 
and 6 per cent of oxygen. It is convenient to treat the percentages 
by volume as the number of cubic feet of the several gases in one hun- 
dred cubic feet of flue gas. We will thus have : — 

Gas. Volume. Density. Weijrht. 

Carbon dioxide 13 0.12341 1.6043 

Carbon monoxide .... 0.6 0.07806 0.03903 
Oxygen 6 0.08928 0.53668 

Now one pound of carbon dioxide is composed of 

2 X 16 ^8 
12 + 2x16 11 

of a pound of oxygen and ^ of a pound of carbon. And a pound of 
carbon monoxide is composed of 

16 4 



12 + 16 7 

of a pound of oxygen and ^ of a pound of carbon. Consequently we 
have 

3^x1.6043 =1.1668 T^x 1.6043 =0.4375 

^x 0.03903 =0.0223 ^ X ^-^3903 =0.0167 

0.5357 



Pounds of oxygen 1.7248 Pounds of carbon 0.4542 
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aad as air consists of 0.236 part by weight of oxygen, the air per pound 
of carbon from the gas analysis is 

^41^ -5- 0.236 = 16.1 pounds. 
0.4542 ^ 

Since the coal in question contains 75.5 per cent of carbon, the air 
apparently supplied per pound of coal is 

0.755 X 16.1 = 12.2 pounds. 

Now, we have hitherto made use of the convention, that the oxygen 
in the fuel renders inert one-eighth of its weight of hydrogen, and that 
the remnant is available for combustion. On this supposition there 
should be added to the air per pound of coal, just formed. 



36 f0M9S - M^= 1.2 pounds, 



making the total air per pound of coal, 

12.2 -f 1.2 = 13.4 pounds. 

Hypothetical Temperature of Combustion. — A hypothetical maxi- 
mum temperature of combustion of a fuel may be calculated from its 
heat of combustion and the weights and specific heats of its products 
of combustion; the temperatures thus found are commonly much 
greater than those actually realized in the furnace of a boiler. 

For example, the combustion of one pound of carbon produces 

i^±f^«=3f pounds 

of carbon dioxide and (page 23) requires 11.24 pounds of air, so that 
the weight of the products of combustion is 12.24 pounds, of which 

12.24 - 3| = 8.57 pounds 

are nitrogen. The number of thermal units required to raise the 
temperature of the products of combustion one degree F. is found as 
follows : — 

Specific 
Weight. neat. 

Carbon dioxide 3} x 0.2169 = 0.7953 

Nitrogen 8.57 x 0.2438 = 2.0894 

Thermal units per degree F 2.884T 
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If it be assumed that the specific heats are constant at all temper- 
atures, and that all the heat can be applied to raising the temperature, 
then the elevation of temi)erature will appear to be 

14,050 ^ 2.8847 = 5078° F. 

The hypothetical temperature of combustion of a coal may be 
calculated on the assumption that the carbon and hydrogen appear 
in the products of combustion as carbon dioxide and superheated 
steam. For this purpose all the hydrogen in the coal is taken into 
account, for it will make no diiference whether the steam results from 
the combustion of the available hydrogen or whether it results from 
the breaking up of the compounds of the coal. 

Example. — Find the hypothetical elevation of temperature result- 
ing from the combustion of Pennsylvanian bituminous coal, with 50 per 
cent dilution. The example on page 22 gives for the heat of com- 
bustion 13,166 B.T.U., on the assumption that the oxygen in the fuel 
renders inert one-eighth of its weight of hydrogen, which assumption 
was used also for the example on page 25. It also appears from this 
latter example that the coal in question requires 2.284 pounds of 
oxygen or 9.7 pounds of air for combustion, and 4.9 pounds are allowed 
for dilution. The nitrogen in the fuel added to that brought in by 
the air required for combustion will give for the total nitrogen 

9.7-2.126 = 7.416 

.0112 



7.4272 pounds. 
The products of combustion include also 

3f X 0.755 = 2.768 pounds COg 
9 X 0.0493 = 0.4437 pounds HgO. 

Specific 
Weight. heat. 

CO2 2.768 X 0.2169 = 0.6004 

H2O 0.4437 X 0.4805 = 0.2132 

N 7.4272 X 0.2438 = 1.8108 

Air 4.9 X 0.2375 = 1.1638 

Ash 0.05 X 0.2 =0.10 

3.8882 
The elevation of temperature appears to be 

13,166 ^ 3.8882 = 3386 F. 

The sulphur in the coal has been neglected as well as the heat of 
vaporization of the water, to avoid further complication. If it be 
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assumed that the temperature of the air and the coal before combustion 
was 70° F., then the temperature of the fire would appear to be 

3386 + 70 = 3456° F. 

The temperature of the furnace never reaches the figures resulting 
from the calculation just made ; it seldom or never reaches the hypo- 
thetical temperature. In the first place, dissociation is liable to appear 
even at lower temperature than that given for Pennsylvanian coal ; and 
in the second place, the glowing fuel and the incandescent flames 
radiate heat energetically to the boiler and furnace, so that it is doubt- 
ful if the temperature of dissociation is ever reached in the furnace 
of a boiler. A test on Babcock and Wilcox boilers gives a temperature 
of about 1100° F. above the fire and 400° F. in the chimney. The 
temperature of the gases in the uptake of a boiler depends on the 
type of the boiler, the way in which it is run, and on the steam press- 
ure in the boiler ; it may vary from 350° F. to 600° F. or more. 

A test^ on a boiler of the locomotive type, at the Boston Main 
Drainage Station, gave for the temperature of the gases escaping from 
the boiler 439° F., while the steam in the boiler was about 337° F. 
The gases were afterwards reduced to 194° F. by passing them through 
a feed-water heater. This boiler was designed for and gave a higl; 
efficiency, and the results obtained may be considered to represent first- 
rate practice. 

Volmne of the Products of Combustion. — The volume of the prod- 
ucts of combustion can be calculated for any given temperature and 
pressure. Here, again, the method is most easily explained by an 
example. 

Example. — Find the volume of the products of combustion of 
Pennsylvanian bituminous coal, with 50 per cent dilution, at 450° F. 
and at 28.5 inches of mercury. 

Using the weights of the products of combustion already calcu- 
lated on page 30, we have the following calculation for the volume of 
the gases, other than steam, at freezing point and at the pressure of 
the atmosphere. 

Weight. Specific volume. 

CO2 2.768 X 8.10324 = 22.43 

N 7.4272 X 12.7561 = 94.74 

Air . . 4.5 X 12.3909 = 55.76 

Volume at 32° F. and at 29.92 inches high . . 172.93 
The volume at 450° F. and at 28.5 inches of mercury will be 

172.93 X ??^ X 5^ = 336 cubic feet. 
28.5 492.7 

1 Thermodynamics of the Steam Engvne, p«i%<a W^. 
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The specific volume of superheated steam at the given temperature 
may be calculated by the characteristic equation 

i>y = 93.5 T- 971 i>*, 
p = 2116.32 X ,7q ;*.;= 2016 pounds per square foot, 

so that for 0.4437 of a pound of steam (see page 30), the volume is 

0.4437^ = 0.4437^A5-X ^^^'^ - 97_l.x_2016t 

2016 

= 17.3 cubic feet, 

and the total volume of the products of combustion is 

336 -f 17 = 351 cubic feet. 

This result may be compared with the volume of the air supplied to 
the coal per pound, shown on page 26. 



CHAPTER III. 

CORROSION AND INCRUSTATION. 

The water supplied to a boiler for forming steam may corrode the 
iron of the boiler, or it may deposit material that can form a scale or 
incrustation ; both actions may go on at the same time. 

Pure water, free from air and carbon dioxide, has little or no sol- 
vent action on iron, even though some other metal, such as copper, 
which may with the iron form the elejnents of a galvanic couple, be 
present. On the other hand, iron will not rust if placed in an atmos- 
phere of dry air or dry carbon dioxide. All natural water, rain 
water, water from wells, rivers, lakes, or the sea contains air in solu- 
tion, and carbon dioxide is not infrequently found in such waters. 
Iron is rapidly acted upon by water containing air or carbon dioxide, 
and, on the other hand, iron rusts rapidly in air or carbon dioxide 
when moisture is present. Again, distilled water, as from the surface 
condenser of a marine engine containing more or less oil, or the sub- 
stances resulting from the action of steam on oil, causes corrosion in 
boilers that are free from scale. To avoid rusting of boilers when not 
in use they ought to be either quite dry inside, or they ought to be 
entirely filled with water ; preferably water that has been freed from 
air by boiling. In the American navy it has been the custom to dry 
out boilers and paint them inside with mineral oil preparatory to lay- 
ing them up. In the English navy the boilers are dried out, a pan of 
glowing charcoal is placed in the boiler to consume the oxygen of the 
air, and quicklime is introduced to absorb moisture. 

Mineral Impurities. — The impurities found in water supplied to 
land boilers are commonly carbonate of lime and sulphate of lime, 
with more or less organic matter, and sometimes sand or clay held in 
suspension. The following table gives the number of grains of various 
mineral substances held in solution in water from several sources : — 

Water supplied to land boilers is either hard or soft ; the first con- 
tains appreciable quantities of lime, and the other usually contains lit- 
tle solid matter of any sort. The first three examples in the table on 
the next page may be taken as typical soft waters, and all the others, ex- 
cept the last two, as typical hard waters. While there is considerable 
difference in the amounts and the composition of the solids in solution 
in the several examples of hard water, it will be seen that they are all 
characterized by a considerable amount of calcium and magnesium car- 
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bonates, and (with the exception of Nos. 6 and 9) accompanied by a 
comparatively small amount of calcium and magnesium sulphates. It 
will be noticed that Missouri River water is distinctly worse than 
Mississippi River water, not only in that it contains more of the car- 
bonates, but because it contains a considerable quantity of sulphates. 
No. 9, from a well at Downer's Grove on the C. B. and Q. R. R., a few 
miles from Chicago, has been selected as an example of a very bad hard 
water, especially as it contains so much sulphate. The reason for con- 
sidering the sulphates of lime and magnesia so deleterious will appear 
a little later. Note will be made that the water from the Mississippi 
River at two different places, and presumably at different seasons of 
the year, vary considerably, especially in the amount of matter held in 
suspension. 

In some places in the western parts of the United States the only 
available waters for making steam are strongly impregnated with 
alkalies and borax. Such waters have so deleterious an action on 
boilers that the advisability of using a surface condenser, as at sea, 
the distillation of water by a multiple effect evaporator, or the intro- 
duction of a supply of good water even from remote places, is worthy 
of consideration. If the use of such water cannot be avoided, a com- 
petent chemist should be consulted to suggest methods for amelio- 
rating the bad effects so far as possible. As each case is liable to 
require special treatment, no further discussion appears profitable 
in this place. 

The carbonates of lime and magnesia are held in solution in 
water by an excess of carbon dioxide, and are completely precipi- 
tated by boiling. They are thrown down from water supplied to 
a boiler, in the form of a white or grayish mud, provided there 
are not other impurities that cement them together and form a 
hard scale. The customary and sufficient method of treating boilers 
supplied with water containing carbonates of lime and magnesia 
is to let the boiler, while full, cool down, and then run out the water 
and thoroughly wash out the boiler with a strong stream from a hose. 
If the water is blown out under steam pressure, the deposits are 
hardened and are removed with difficulty. While pure carbonates 
are easily treated as just described, the presence of other impurities, 
such as oil or organic matter, or of sulphate of lime, is likely to 
make the deposits hard and adhering. 

Sulphate of lime is much more soluble in cold than in hot water, 
and is entirely thrown down from water at a temperature of 280° F., 
corresponding to 35 pounds pressure of steam above the atmosphere. 
It forms a hard and adhering scale, and even in comparatively small 
quantities has a bad effect on scales and deposits composed of carbo- 
nates, as has already been suggested. The bad effect of deposits 
from water containing calcium sulphate is much ameliorated by 
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iDtroducing soda crystals or soda ash into the boiler witii the feed 
water. The result is to give a deposit of calcium carbonate in the 
form of a fine white powder, which must be washed or swept out^ 
and sodium sulphate in solution, whii^h must be blown out from time 
to time. 

If the mineral matters in the water are known from a chemical 
analysis, the quantity of soda crystals to be used may be calculated 
as follows : — 

Example, — Find the weight of soda crystals required per day for 
a boiler supplied with 1000 gallons of water per day from the well 
at Downer's Grove. 

From the table on page 34 it appears that each gallon of the water 
contains 14.037 grains of CaS04 and 25.422 grains of MgS04. The 
formula for soda crystals being NAjCOa -f- 10 HjO, the reactions^ neg- 
lecting the water of crystallization, will be 

CaS04 -h NajCOg = CaCOg -h N^jSO^ 
MgSO^ + NagCOg = MgCOs -f Nr2^04. 

If Xi is the grains of soda crystals to act on the calcium, we have 

CaS04 : NajCOa + 10 HgO = 14.037 : x 
40 + 32 -h 4 X IG : 2 X 23 -h 12 -f 3 X 16 -f 10 (2 + 16) 
= 14.037 : X. 
.•. a^i = 29.52 grains. 

The magnesium sulphate which is soluble is also changed into 
the carbonate and thrown down as a white precipitate, adding to the 
deposit. The number of grains of soda crystals required for this 
reaction is found as follows : — 

MgS04 : NagCOg -f 10 HgO = LM.422 : x^ 
24 -f 32 -h 4 X 16 : 2 X 23 -h 12 -h 3 X 16 -f 10 (2 -f- 16) 
= 25.422 : x^. 
.'. a?2= 60.59 grains. 

The total weight of soda crystals per gallon is therefore 
29.52 4-60.59 = 904", 
and the weight required for 1000 gallons is 
9 X 1000 



7000 



= 12.9 pounds per day. 
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It iB advisable to have the soda introduced at ngular interrals, aay 
once an boat, during the day. For this purpose, the arrangemaitt 
shown by Fig. 23 is convenient. The 
soda crystals are weighed out and dis- 
solved in the bucket marked "recepta- 
cle for solvent in solution," and then 
when the pump is feeding water to 
the boiler, the stop valve under the 
bucket is opened cautiously, where- 
upon the solution will be drawn into 
the pump, and delivered to the boiler. 
Care must be taken not to admit air 
to the pump and disarrange its action. 
This same arrangement may be used 
to feed any desired solution into a 
boiler. 

Soda ash is sometimes used instead 
of soda crystals, as it is cheaper and 
somewhat more efficient, on account of 
the caustic soda it may contain. Its 
chemical composition is uncertain, and 
it is therefore impossible to mike sat- 
isfactory calculations for the quantitj 
to be used This however is com 
monly no real objection for we seldom 
have a chemical analysis of the water 
and cannot determine directly how 
much soda is required 

An excess of soda in a boiler is fig ^ 

liable to cause foaming, and at high 

temperatures, corresponding to pressures now habitual for steam boilers, 
the soda is apt to attack the inside of water glasses ; any indication of 
either action should raise the question whether too much soda is used, 
but the absence of such an indication does not show that we are using 
the right quantity. When a hard scale is formed by a water known to 
contain lime, we may infer that sulphates are present, and may find by 
trial the amount of aoda to be used. Unfortunately, other impurities, 
such as organic matter, cause the formation of hard scale, and make 
this method uncertain. Such impurities often produce discoloration, 
and thus betray their presence. The deposits of lime, whether car- 
bonates or sulphates, are commonly white or grayish, or sometimes 
fawn color. 

It is sometimes proposed to use ammonium chloride, or sal-ammoniac, 
to break up lime compounds ; in the first place, only the carbonates are 
acted upon by this reagent, and in the second place, the recent itself, 
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or the resultant Ghlorides, are liable to be broken iiij, giving free c 
rine, whicli attacks the Itoiler. 

Taonic acid, either commercial acid or in tlie crude state, may be 
used to break up a scale already formed ; but as tannic acid does not 
decompose the sulphates, and as the compouud of the acid with lime is 
not soluble, its use appears to be restricted. Many proprietary boiler 
comiiounds depend on tannic acid for tbeir action. Acetic acid may 
<-Uso be used to break up the carbonates, but it likewise has no action 
on the sulphates; the carbonates are changed int-o soluble acetates, 
and can be blown out. Both tannic acid and acetic acid attack iron, 
but are not so dangerous as sulphuric or hydrochloric acids, which are 
sometimes recommended for lu'eakinj; up scale. When a scale ia once 
formed the safer way is t.i ri>iii(.v>' it. with pinpcr cliippiiig and s 




tools ; but this will be found to be impossible for many types of boilers 
unless they are largely dismembered for that puriro^e 

When river water is used in boilers, \aiious earthy impurities are 
liable to be carried into boilers, suih as cliy and sand, together with 
soluble matters. Even waters from ponds or wells miy contain con- 
siderable matter in suspension Such substances can sometimes be 
removed by iiltering or by allowmt; the water to stand so that the 
insoluble matter may be deposited A erj commonly a systematic 
blowing out from the surface of the water and the bottom of the 
boiler will remove such impurities from the boiler. If, however, 
hme and magnesium carbonates and sulphates are present, suspended 
matter is carried into the scale, and the scale may be made more 
troublesome in consequence. The carbonates are more likely to form 
a hard scale if any binding material, such as clay, is present. 

Figure 24 shows the section of a feed pipe which was nearly choked 
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with scale from lime water. Though the deposit of scale in a hori- 
zontal piece of feed pipe where the water may be heated by conduc- 
tion and otherwise, especially diiring intervals of feeding, is probably 
more rapid than in the boiler itself, this may serve to call attention 
to the extent to which scaling may occur when precautions are not 
takeiL 

Lime Extracting Feed-Water Heater. — If water containing lime a 
magnesia salts is heated tu a sutHuieut temperature before feeding it to 
a, boiler, the deposits may be caught 
in the apparatus for thit puipose 
Kgure i5 represents the Stillwell 
feed water heater and puiiher 
The watei la brought m thrtugh 
the pipi. Y and flows over a series 
of cormgited plates B feteiiu 
from the exhiust pipe ot ^ uon eon 
densmg engine enters the heatei 
at L passKS among the plates and 
passes out at an oiihce not shown 
in the cut ihe calcium carbon ite 
and suspended impurities collect 
on the LOiiugited [Utes and the 
water flows down belnnd the plate 
C to the si>ace D and thence up 
throufjh a hltei thamber hlled 
with hiy or similir miterial At 
i?" is a cup into which the feed 
water flows from the filter ind 
from whence it is drawn hj the 
feed pump The clianiiiei D ha-, 
a pipe t) draw off swlii lent as it 
collects md at ^ there is i iiip 
from the steam chanibei \ fljit 
in the float chamber M reguhtes 
the supply of entering feed watpi 
so as to keep a constant !p\el 
in the heater. 

Calcium sulphate will not be 
deposited with any cerbiinty in Bio. 30. 

the open heater sliown by Fig. 25. 

When the water contains the sulphate a closed heater, similar to this 
in principle, is used, but it is supplied with steam at full boiler 
pressure, and thus a temperature is easily reached at which all the 
lime salts are thrown down. Such steam, moreover, does not contain 
oil from the engine. 
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8ea Water. — The following table gives an analysis of sea water 
by Professor Lewes of the Royal Naval College, together with an 
analysis by him of a typical boiler deposit from a marine boiler : — 

SALTS IN SEA WATER AND COMPOSITION OF MARINE 

BOILER SCALE.i 



Calcic carbonate (chalk) 
Calcic sulphate (gypsum) 
Magnesic sulphate . . 
Magnesic chloride . . 
Magnesic hydrate . . 
Sodic chloride (salt) 
Silicia (sandy matter) . 
Moisture 



Ska Water. 

(rRAINH PRR IM- 
PERIAL Gallon. 



3.9 

93.1 

124.8 

220.6 

• • • 

1850.1 
8.4 



MAKum 

BiuLRB Scale. 
Pbb Cent. 



0.97 
85.63 



3.39 
2.79 
1.1 
5.9 



The three principal constituents of the marine scale are calcic 
sulphate, calcic carbonate, and magnesic hydrate, of which the first 
forms the greater part of the scale. 

The calcic carbonate is kept in solution by the carbonic acid in the 
sea water, just as in the case for fresh water containing carbonate of 
lime, and is deposited when the carbonic acid is driven off by heat. 
There is, however, a reaction between the calcic carbonate and mag- 
nesic chloride at the temperature and pressure in the boiler, giving a 
deposit of magnesic hydrate and leaving calcic chloride in solution ; so 
that only part of the calcic carbonate appears in the scale, and on the 
other hand, we may thus account for the presence of the magnesic 
hydrate in the scale. 

The calcic sulphate forms so large a part of the scale, that we will 
give attention to it only in the further discussion. Calcium sulphate 
is more soluble in water at 95° F. than at any temperature higher or 
lower ; and the solubility decreases with the rise of temperature, till at 
about 280° F., which corresponds to 50 pounds pressure absolute to the 
square inch, or 35 pounds above the atmosphere, the entire amount of 
calcium sulphate is deposited. In the early history of the marine 
engine, when low pressures of steam prevailed, we find jet condensers 
in use, and the boilers, which were fed from the brine in the hot well, 
were kept fairly free from scale by blowing out the concentrated brine. 
It was then customary to supply half again as much feed water as was 
evaporated, the excess being compensated by the concentrated brine 



1 Trans. Inst. Naval Arch., Vol. xxx., p. 330. 
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blown out, and the water in the boiler had three times the degree of 
concentration found in the sea. As high pressure steam came into use, 
surface condensers became indispensable. When surface condensers 
first came into use, the waste of steam from leakage and otherwise 
was made up from water taken from the sea, with the result that the 
boilers gradually accumulated a heavy dense scale. Since it is cus- 
tomary to have an auxiliary boiler, called a donkey boiler, on steam- 
ships, the first device to avoid the scaling from the use of sea water 
in the main boilers appears to have been to supply the loss of steam 
from the donkey boiler, which was fed from the sea. This of course 
only transferred the difficulty from one place to another, even though 
a less objectionable one. At present the loss is made up by vaporizing 
sea water in a special boiler, which is heated by steam coils supplied 
with steam from the main boilers. The pressure may be low enough 
in this vaporizer to avoid the total precipitation of the calcium 
sulphate, and the brine may be kept at any desirable degree of satu- 
ration by blowing out, as in the early marine practice; and further, 
the vaporizer is so made that the steam coils may be readily cleared 
from scale. 

It should be pointed out that the decomposition of the calcium 
sulphate in sea water by the aid of soda is impracticable, on account 
of the large quantity of magnesium carbonate thrown down from the 
reaction on the magnesium sulphate. 

A boiler fed with water condensed in a surface condenser, as is now 
common in marine practice, is liable to two difficulties : (1) the dis- 
tilled water is apt to corrode or pit the plates of the boiler, and (2) 
the cylinder oil used in the engine is liable to be carried over into the 
engine and form oily scales and deposits. 

When sea water is used in the boiler, either as the main boiler feed 
or merely to supply the waste, the boiler plates are protected by the 
scale of calcium sulphate, and general corrosion or local pitting is seldom 
troublesome. When care is taken to avoid the use of salt water, sup- 
plying the waste with fresh water from a distiller or otherwise, general 
corrosion and local pitting have both been found to occur to a dangerous 
degree. A simple remedy would appear to be to form a very thin scale 
by the use of sea water, and then avoid further use of sea water. It is, 
however, found that water from a surface condenser will gradually dis- 
solve off such a scale, and it must be occasionally renewed. The care 
and intelligence required for such a method of protection may be more 
than can be expected in ordinary practice. There is also an objection 
to the introduction of any lime compound into a boiler, as will appear 
in the discussion of the difficulty from the collection of oil in the boiler. 
In both the American and the English navies it is customary to use slabs 
of zinc to protect the boiler plates from corrosion. The zinc is fast- 
ened to, or hung from the boiler stays, with which metallic connection 
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should be made to ensure galvanic action. The zinc is gradually con- 
sumed, and becomes soft and friable, so that the slabs require renewal. 
It is recommended to supply J of a pound of zinc for each square foot 
of grate surface. 

It is a familiar fact that the cylinders of an engine may be oiled by 
introducing the oil into the supply pipe, and that the oil will be car- 
ried quite thoroughly over the surface of the cylinder by the steam ; and, 
further, that the oil is carried out of the cylinder by the steam, and will 
appear in the condensed water in the hot well. It is evident that any 
oil is liable to be injurious if it gets into a boiler. It is, consequently, 
customary to filter the water from a surface condenser, to remove the 
oil as far as possible. For this purpose sponges have been used in the 
navy ; they, of course, must be occasionally taken out and washed free 
from oil. A very simple and efficient filter has been made in the form 
of a rectangular box, with perforated plates near the ends ; the water 
from the hot well runs into one end compartment, passes through a 
mass of hay in the middle compartment, and is drawn from the further 
end compartment by the feed pump. When the hay becomes foul it is 
thrown away, and fresh hay is put in. Professor Lewes advises for a 
filter a long tube filled with charcoal about the size of a walnut ; of 
course the charcoal should be renewed when necessary. It cannot be 
expected that any system of filtering will remove all the oil from the 
water, but the larger part may be removed. It is advisable that no 
more oil than necessary shall be used in the cylinders of the engine, but 
the exclusion of oil from the cylinders, though recommended for some 
torpedo-boat engines, is not practicable in general practice. 

Professor Lewes ^ gives the following account of an investigation 
of the collapse of the furnace flues of a large Atlantic steamer, which 
made the voyage in twelve days. 

The boilers were five and a half years old, and were refilled with 
fresh water at the end of each voyage, while the waste of the voyage 
was made up by the use of about 70 tons of fresh water, but during the 
last voyage sea water was used for this purpose. Every four hours, 
while under steam, four pounds of soda crystals were put in the hot 
well, making two hundredweight during the run, the total capacity of 
the boilers being 81 tons. For lubricating purposes seven pints of val- 
voline were used in the cylinders every four hours. 

When in port the boilers were allowed to cool down, and the water 
was run off and they were swept down with stiff brushes, and were 
afterwards sluiced out with a hose shortly before being filled with 
fresh water. No trouble occurred until five voyages before the final 
collapse, when some of the furnaces began to creep in ; they were 
stiffened with rings and stays ; and on succeeding voyages the whole of 

1 Trans. Inst. Nav. Arch., xxzii., page 67. 
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the furnaces got out of shape one after the other. Examination 
showed that they had never been very heavily scaled. On the furnace 
crown there was only a slight white scale not more than ^ of an inch 
thick, while on the bottom of the furnaces there was a brown oily 
deposit ^ oi an inch thick, which in other parts of the boiler increased 
to ^ or ^ of an inch. 

The valvoline was a pure mineral oil with a specific gravity of 0.889 
and a boiling point of 371° C. 

The composition of scales from several parts of the boiler is shown 
in the following table : — 



COMPOSITION OF DEPOSITS IN A MARINE BOILER. 
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Calcic sulphate 


84.87 


59.11 


50.92 


11.60 


22.52 


Calcic carbonate 


6.00 


8.07 


4.18 


0.82 




Magnesio hydrate 


2.83 


11.29 


14.12 


22.21 


7.09 


Iron, alumina, silica .... 


2.37 


2.85 


7.47 


9.14 


34.86 


Organic matter and oil . . . 


3.23 


19.54 


21,00 


60.20 


27.96 


MotBture 


0.80 


l.H 


1,17 


4.23 


6.79 








1.08 


1.80 











Careful examination of the organic matter and oil in these deposits 
showed that half of it was valvoline in an unchanged condition, which 
had collected around small particles of calcic sulphate. 

All the deposits were rich in oily matter except the top of the 
furnaces, *.e. the place where the collapse occurred. There the scale 
was not only nearly free from oil, but perfectly harmless both in quan- 
tity and quality. It appeared entirely improbable that the scale on the 
top of the furnaces could be in its original condition. 

When oil has entered a boiler the minute globules, if in large 
quantity, coalesce to form an oily scum on the surface, or if in small 
quantity remain in separate drops, but show no tendency to sink on 
account of their low specific gravity. They, however, come in contact 
with solid particles of calcic sulphate, coat them with oil, and so the 
light oil becomes loaded till it is easily carried along by convection 
currents and adheres to surfaces with which it comes in contact, which 
may he quite as likely to be the under surfaces of tubes as the upper 
surfaces. Since some brine is liable to find its way to the boilei:, hom. 
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leakage into the condenser or otherwise, even when sea water is not 
used directly, this action will occur in a boiler supposed to contain 
fresh water only. 

The deposits thus formed are very poor conductors of heat, and 
the oily surface interferes with contact with water. On the crown 
of the furnace this soon leads to overheating of the plates, and the 
deposit begins to decompose, the lower layer in contact with the plate 
giving off gases which blow up the greasy layer, ordinarily only ^ of 
an inch thick, to a spongy mass \ of an inch thick, which, because 
of its porosity, is even a better non-conductor of heat than before, and 
the plate becomes heated to redness and collapses. During the last 
stages of this overheating, the temperature has risen to such a point that 
the organic matter, oil, etc., in the deposit burns away, or is distilled 
off, leaving behind, as an apparently harmless deposit, the solid parti- 
cles round which it had originally formed. 

Such a deposit is more likely to be produced in boilers containing 
fresh or distilled water, as the low density of the liquid enables the 
oily matter to settle more quickly, while with a strongly saline solu- 
tion it is very doubtful if this sinking point would ever be reached ; it 
is evident also that when oil has found its way into the boiler, and 
is causing a greasy scum on the surface, the most fatal thing that can 
be done is to blow off the boilers without first using the scum cocks, 
because as the water sinks, the scum clings to the tops of the fur- 
naces and other surfaces with which it comes in contact, and, on again 
filling up with fresh water, it still remains there, causing rapid col- 
lapse. A very remarkable instance of this is to be found in the case 
of a large vessel in the eastern trade, in the boiler of which an oil 
scum had formed. The ship having to stop some days in Gibraltar, 
the engineer took the opportunity of blowing out his boiler and refill- 
ing with fresh water, with the result that before he had been ten 
hours under steam the whole of the furnaces had come in. Under 
some conditions the oil-coated particles coalesce and form a sort of 
floating pancake, which, sinking, forms a patch on the crown of the 
furnace at one particular spot, and under these conditions the general 
result is the formation of a pocket. 

A curious fact is that these oily deposits are found to contain a con- 
siderable amount of copper. Even mineral oils have a solvent action 
on copper and its alloys, and it is evident that the copper in the oily 
deposits has been obtained from the fittings of the cylinder and con- 
denser. Fortunately, thip copper is protected by oil, otherwise serious 
galvanic mischief would result. 

Professor Lewes found from experiment that a coating, ^ of an 
inch thick, of the oily deposit found in the bottom of a boiler, applied 
to the inside of a clean iron vessel, very greatly retarded the transmis- 
sion of heat from a Bunsen flame, as shown by the time required to 
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heat a known quantity of water to boiling point. Using an atmos- 
pheric blowpipe, he succeeded in raising the outside surface of the 
vessel, when coated with ^^^ of an inch of the deposit, to the tempera- 
ture of the melting point of zinc, and with an oxy-coal-gas flame he 
fused a hole in the bottom of a thin wrought-iron vessel thus coated 
and filled with water. 

He further says that cylinders should be sparingly lubricated with 
a pure mineral oil having a high boiling point, and that animal or 
vegetable oil should never be used, because they are decomposed by the 
action of high pressure steam, producing fatty acids that attack iron, 
copper, and copper alloys. 

Professor Lewes has proposed that marine boilers at sea shall have 
the water supplied with brine from which the lime compounds have 
been precipitated in a closed receptacle by the combined action of heat 
and soda crystals. The resulting brine contains mainly sodium and 
magnesium chlorides and magnesium sulphate, which do not form scale 
even though the concentration is carried to a higher degree than would 
occur from the supply of the waste of the boiler in this way for a 
voyage of some length. This method has not as yet been adopted in 
practice. Attention is called to the fact that an excess of soda should 
be avoided, since it would cause a bulky deposit from the action on the 
magnesium sulphate brought in by leakage of sea water into the con- 
denser. A description of the apparatus for producing this brine with- 
out lime salts is given in the " Transactions of the Institution of Naval 
Architects " (see the reference, page 40) . 

Organic Impurities. — Water for feeding boilers, unless taken from 
a contaminated source, seldom contains much organic matter. Surface 
water from rivers or ponds may contain some vegetable matter, but if 
there are no other impurities such organic matter will not cause much 
trouble unless it is allowed to accumulate. The vegetable and other 
organic impurities commonly float on the surface of the water, when 
the boiler is making steam, or are carried around by convection cur- 
rents, and may be blown out through a surface blow-out, like that 
shown by Fig. 26. It consists of a flattened bell or cone of sheet metal 
extending across the boiler at the water level, and turned so that the 
convection currents will carry and lodge floating substances into the 
mouth of the bell. The valve in the pipe leading from this bell may be 
opened from time to time to blow out the substances collected in it. 

When a boiler has been at rest for some time, over night for exam- 
ple, the various solids in the boiler, if heavy enough, will settle to the 
bottom, and may be advantageously blown out before starting the boiler 
into action again. This may be accomplished by opening the blow-out 
vfilve or cock for a short t^me, until the water level falls a few inches. 

Water from bogs frequently contains vegetable acids that are likely 
to corrode the plates of the boiler; in such cases sod-a. e,Y^^\aXs» tc^scj \i^ 
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used to neutralize the acids ; the ijro])er ainoiuit must be I'ouud by 
trial. 

The oil used in tlie engine is liable to get into the boiler if surfawe 
condensing is made use ot'j this subject has already received attention 
in connection with the discussion of marine boiler incrustations. Sur- 
face condensers are not commonly used in land practice, but very com- 
monly the exhaust steaui from non- 
condensing engines is used for hcLit^ 
ing in radiating coils, and there is 
aa apparent gain from the use of 
the warm water from the return 
pipes. This water ia, however, liar 
ble to be contaminated by oil, and 
the oil when it gets into the boiler 
may cause serious damage, such aa 
was found to occur in marine boil- 
ers. If the feed water has a little 
vegetable matter in it, the effect of 
the oil is much worse than if the 
water supply ia pure. Again, the 
oil ia very troublesome if the water 
contains lime salts. The hud effect 
of oil or other impurities on lime 
scale has been already noted. Usu- 
ally it will be found better to reject 
the water returned from a heating 
system supplied with exhaust ateam, 
as the apparent economy is liable to 
he more than counterbalanced by 
damage to the boiler. The exter- 
nally fired tubular boilers commonly 
used in this part of the country are 
liable to bulge in the sheets over 
the furnace, as shown in Fig. 27, if 
oil gets into them. When the plate 
is cut out, a hard deposit of oil, 
commonly mixed with other impuri- 
ties, will be found adhering to the 

plate-; this deposit ia a very poor conductor <il m^es so 

much overheating of the plate that it bulges out undi.'r tin.' pivasure of 
the steam. 

In isolated cases it wiU be found that water of a stream may be 
so contaminated with chemicals from some industrial establishment, 
tliat it acts energetically on the boiler plates ; iu such case the water 
Uuist be abandoned unless the contamination can be stopped. 
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Kerosene and Petroleum OilB. — Both frade petroleum and refined 
kerosene have been used in steam boilers to mitigate the effect of 
incrustations of calcium carbonate and calcium sulphate. From what 
is known of the bad effects of the heavier petrolcuia products, such 
as the mineral oils used for lubricating steam-engine cylinders, it 
appears to be unwise to introduce crude petroleum into a steam boiler. 
The same objection does not ajiply to retined kerosene which is not 
known to have any bad effect in a boiler. Both oils are said to change 
the deposits of lime from a hard scale to a friable material, which may 
be easily removed. It is further said that these oils will soften and 
loosen scale already formed. In one case 40 gallons of kerosene were 
used in 24 hours in the boilers of a steamer of about 3000 horse power. 
These boilers showed no incrustation, but considerable corrosion, 

CorroBion is distinguished as general corrosion or wasting, pitting, 
and grooving. 

General corrosion is difficult to detect, as it aj^ts more or less 
uniformly over large surfaces, and even at riveted joints, the two 
plates and the rivet heads waste away equally, so that the thinning 
of the plates is not easily noticed. Old boilers not infrequently fail 




from general corrosion, and then are likely to fail in the plate rather 
than in the riveted joint where the double thickness of plate gives an 
advantage. Boilers that have been at work should have the plates 
below the water line drilled and the thickness measured ; if the 
effective thickness of the plate is found to be much reduced, the work- 
ing pressure should be made proportionately lower. Figure 28 shows 
an example of general corrosion, and Fig. 29 another, but complicated 
with cracking at the rivet holes. Both show the protection given to 
the plate by the rivet head, and one may readily see how the wasting 
of the rivet heads may be overlooked. 

Pitting is likely to occur when the corrosion, either locally or over 
large surfaces, takes place rapidly. It appears to be due to lack of 
homogeneity of the metal of the plate, and sometimes appears to 
indicate galvanic action. Though every precaution to avoid galvanic 
action should be taken, it is better to assume damage to be due 
to such action, only when there is direct evidence of its existence. 
Figui'e 30 sliows pitting over a large surface, and Fig. 31 shows local 
pitting in the corner of a flanged plate witli general corrosion of the 
flat surface of the plate. It ia fair to assume that the disturbance 
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of the metal in the process of flanging may determine the vertical 
forms of the pitting. The horizontal plate shows irregular pitting. 

Grooving is usually due to the combination of springing or buckling 
of a plate and local corrosion. The buckling may be due to insufficient 
staying ; then the plate springy back and forth as the steam pressure 
varies. Or buckling may be due to improper staying or fastenings, 
which localizes the change of shape due to exp^sion. In either case 
the metal is fretted at the place where the greatest bending takes 
place, and very much weakened. A crack is liable to be formed which 
may grow wider and deeper till the plate shows signs of failure. Such 
cracks may be very narrow and difficult to find, but usually the 
fretting of the metal, whether a crack is formed or not, is accompanied 
by local corrosion, which makes a groove of some width. If the water 
used forms a scale on the boiler plates, the working of the metal 
throws off the scale and exposes the surface to the water so that 
corrosion takes place there, though elsewhere the plate is protected. 

As one example of insufficient staying, we may take the flattened 
surface in a wagon-top locomotive boiler (Plate V.), where the barrel is 
expanded to join the shell over the fire box. The surface cannot be 
stayed from side to side for lack of space between the tubes, and is 
merely stiffened by riveting three pieces of T iron to the shell. In 
this case the T irons haye through stays at their upper ends over the 
tubes. Grooving is liable to occur in this locality even when the plates 
are stiffened as shown. 

Grooving from too great rigidity is liable to occur in the end plates 
of Cornish and Lancashire boilers (see pages 5 and 6). The long 
furnace flues expand more than the external shell, and expand more at 
the top than at the bottom, due to the heat of the furnace and of the 
gases in the flue beyond the furnace ; and further, the circulation of 
water under the flues is likely to be imperfect, so that the bottom of the 
shell is not so hot as the top. These unequal expansions must be 
accommodated by the springing of the end plates, and if the springing 
is too much localized grooving is sure to occur. The furnace flues 
should be at least nine inches from the shell, and the end plates should 
be flanged where they are joined to the flues and shell, instead of using 
angle irons. The use of gusset plates for staying the ends of these 
boilers is likely to give too much rigidity and to localize the springing 
of the plates, unless care is taken to avoid it. 

Grooving from either too great or too little rigidity can be avoided 
only by a proper design, which must be guided by experience. If a boiler 
shows defects of staying, it may be possible to put in additional stays 
after the boiler is completed and at work ; or in some cases too great 
rigidity may be remedied by rearranging the staying. Such remodel- 
ling of a boiler is usually difficult and unsatisfactory. 

Loss from blowing out Brine. — In the discussion of the use of sea 
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water in boilers it was said that the old custom was to feed one and a 
half as much sea water from the hot well of the jet condenser as was 
evaporated, thereby raising the concentration of the brine to three 
times that of the sea, namely to ^\. 

In calculating the loss of heat from blowing out hot brine, we may 
assume the specific heat of both the sea water and the hot brine to be 
the same as that of fresh water. Let the absolute pressure in the 
boiler be p, and let r and q be the heat of vaporization and the heat 
of the liquid corresponding ; let the temperature of the water in the 
hot well be ^i, and let qi be the heat of the liquid. The heat required to 
raise one pound of feed water from the temperature of the hot well 
to the temperature in the boiler, and to vaporize it under the 
pressure in the boiler, will be 

this is the heat usefully expended. If n is the hot brine blown out for 
each pound of water vaporized (usually ^ pound), then the heat 
required to raise the water blown out from the temperature in the 
hot well to that in the boiler is 

this is the heat lost by blowing out the hot brine. Of the heat applied 
to the boiler, we have the loss in per cent, 

r + q-qi +^(^-^1) r + (n + 1) (g - ^i) 

A considerable portion of the heat lost in the hot brine may be 
transferred to the feed water drawn from the hot well by the aid of a 
feed-water heater, and thus saved. A simple form of heater may be 
made by carrying the hot brine through a small pipe inside the feed 
pipe ; the currents of water will naturally flow in opposite directions, 
and thus give the most efficient interchange of heat. If the hot well is 
near the boiler, the feed pipe may not be long enough to allow of this 
form of heater. 

The density of brine in the boiler is ascertained by a salimetev, 
which is a form of hydrometer graduated to read zero in fresh water, 
-^^ in sea water, and the graduation is extended to give the density of 
brine in thirty-seconds, so far as may be needed. When jet condensers 
were used at sea it was customary to carry the density to -^ only. 
With surface condensers the density is frequently carried as high as 
■^; no inconvenience is found in this custom, and as less water is taken 
from the sea the formation of incrustation is less rapid. 
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Wrought-iron plates should show a limit of elasticity of 23,000 
pounds, and a tensile strength of 45,000 pounds to the square inch. 

Cast Iron in different forms will show a tensile strength of 12,000 
to 20,000 pounds to the square inch. Gun iron, which is cast iron 
made with special care and skill from selected stock, has shown a 
tensile strength of nearly 30,000 pounds to the square inch. In com- 
pression the strength of small pieces may be as high as 80,000 pounds 
to the square inch, but longer pieces, like columns, fail at 30,000 
pounds to the square inch. 

Cast iron is used for some or all of the parts of sectional boilers, 
and for fittings such as manholes, though wrought iron is preferable 
for such purposes. Flat plates at the ends of cylindrical boilers are 
sometimes made of cast iron ; for example, the flat ends of the cylin- 
drical shells of the Babcock and Wilcox boilers (see Fig. 14, page 12) 
are made of cast iron. In general, cast iron should never be used 
when it is subject to severe changes of temperature or to stresses from 
unequal expansion, and should be replaced by wrought iron or mild 
steel whenever it is practicable. 

Couplings, elbows, and other pipe fittings are made of cast iron. 
The brittleness is a convenience when changes are to be made, as 
joints that cannot be opened are readily broken. 

Malleable Iron, which is cast iron toughened by being deprived of 
part of the carbon, is used for pipe fitting and for fittings of steam 
boilers. It is used in place of cast iron for sectional boilers and for 
parts of water-tube boilers. Though tougher than cast iron, and 
though it will endure forging to some extent, its variability in quality 
and unreliability prevent much reduction in weight and size when sub- 
stituted for cast iron. 

Copper is largely used in Europe for making fire boxes of locomo- 
tive boilers and torpedo-boat boilers. Its greater cost is in part offset 
by the value of the scrap copper after the fire box is worn out. 

Copper for fire boxes, rivets, and stays should have a tensile strength 
of 34,000 pounds to the square inch, and should show an elongation 
of 20 to 25 per cent in 8 inches. It should not contain more than one- 
half per cent of impurities. The greater ductility of copper, and its 
greater thermal conductivity, j^ermitting of greater thickness for 
furnace plates, recommends it to European engineers. 

Copper washers, gaskets, etc., are used for making steam-tight 
joints. 

Bronze and Composition. — Brass. — Bronze is properly an alloy of 
copper and tin; thus gun metal is 90 parts of copper to 10 of tin. 
Compositions of various qualities are made of copper and zinc with 
more or less tin. Brass is an alloy of copper and zinc ; for example, 
brass smoke tubes are made of 70 parts of copper to 30 parts of zinc. 
Ijead is added to brass and composition to reduce the cost and to make 
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the metal work easier. It may be considered as an adulteration, as it 
cheapens the metal at the expense of the quality. There are many 
special bronzes, such as phosphor bronze and aluminium bronze, which 
are used for special purposes. 

Brass is used to some extent for smoke tubes of locomotive and other 
boilers, on account of its greater thermal conductivity, by European 
engineers. In America, brass is used for valves, gauges, and other 
boiler fittings. Composition or bronze is advantageously used for the 
valves and seats of safety valves and wherever the service endured is 
exceptionally hard. Brass is more commonly used because it is 
cheaper. In a general way it may be said that the cost and quality of 
brass and composition is proportional to the copper it contains ; thus 
red brass is better and costs more than yellow brass. Many small 
brass fittings on the market are sold at a price which precludes the use 
of proper alloys, and they are consequently soft and worthless. 
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The boiler setting for a stationary boiler consists of the foundation 
and so much of the flues and furnace as are external to the boiler 
proper. The entire furnace of externaJly tired boilers is in the set- 
ting, and in some cases, as with the plain cylindricaJ boiler, the flues 
are also formed by the setting. Some internally fired boilers — for 
example, the Lancashire boiler — have flues in the setting in addition 
to the boiler flues; others, 
like the upright boiler (Fig, 
6, page 7) , have only a 
foundation. Locomotive 
boilers rest on the frame of 
the locomotive; they can 
scarcely be considered to 
have any setting. Marine 
boilers are seated on plates 
that are built into the fram- 
ing of the ship 

Cylindrical Tabular Boiler 
Setting — I his is cleirly 
show n bj Plates II and III., 
and has already been re- 
ferred to m the desciiption 
of the boiler As further 
illustiation, we may refer to 
Figs 32 and 33, showing a. 
setting proposed by the 
Hartford Boiler Insurance Co. First we have the foundation of large 
stone blocks ; then the inner walls, which in this case incline outwards, 
to give access of the hot gases to the sides of the shell. This wall is 
lined with fire brick in the furnace and a little beyond the bridge. 
The outer wall is distinct from the inner wall, to allow for unequal 
expansion. Bricks projecting from this wall at intervals afford a sup- 
port to the inner wall. The space between the walls should be closed, 
since an air space is a good insulator only when there is no circulation 
through it. In this case, the side walls are carried only a little higher 
than the water bne, and the top of the boiler must be covered with 
56 
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some non-conducting material, put on in blocks, or laid on in the form 
of a cement. The first method is preferable, as it allows examination 
of the shell of the boiler. On Plates II. and III. the side walls are 
carried to the full height of the boiler ; with such a construction, radi- 
ation from the top of the boiler may be prevented by filling the space 




over the boiler with sand or ashes. Though this method is cheap and 
effective, and at the same time makes the clearing and inspection of 
the top plates of the boiler comparatively easy, it has the defect that 
the sand or ashes may harbor moisture when the boiler is not working 
and give rise to external corrosion. Coal ashes, being hygroscopic, are 
unfit for such purposes. 
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Figure 34 shows a setting with a brick arch over the top of the 
l)oiler, with an air space between the boiler and the arch. 




Fig. 34. 
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Figures 35 and 30 show the smoke box and uptake projeotiug i 
front of tlie caet-iron boiler front. 
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The setting for a two-flue boiler, or for a boiler with several large 
flues in place of the numerous fire tubes of the tubular boiler, is 
substantially the same as those just described. 

Lancashire and Cornish Boiler Settings are arranged as shown by 
Fig. 4, page 6. The flues a, b, and c are lined with fire brick, and the 
boiler seat and tops of the side flues are made with blocks of fire clay- 
The draught is sometimes a wheel drangJUy passing forward from the 
ends of the furnace flues, through c, back through b, and again forward 
through a. Sometimes a split draught is used, passing forward through 
c, and then dividing it passes back through both a and 6. 

Settingps for Water-tnbe Boilers, as shown by Fig. 14, page 12, and 
Fig. 16, page 14, resemble the setting for the cylindrical tubular boiler 
in external appearance. The furnace and bridge wall are also similar 
to those for the cylindrical boiler. Special bridges, extending among 
and across the tubes, are required to give the proper circulation of the 
products of combustion. 

Water-tube boilers for marine work, like the Thornycroft boiler, 
shown by Fig. 20, page 15, and the Almy boiler. Fig. 21, page 16, are 
enclosed in a sheet-iron casing, lined with blocks of non-conducting 
material. Asbestos, or a compound of which magnesia is a principal 
ingredient, are commonly used. Fire brick and pumice stone are used 
with the Thornycroft boiler to intercept heat that would be radiated 
downward. The spaces in ships under boilers, being more or less 
inaccessible, and being subject to the influence of heat and moisture, 
are liable to show excessive corrosion. 

Fnmaces. — There are certain general conditions to which the con- 
struction of furnaces should conform if high efficiency is desired. 
Some of these depend on the requirements for good combustion, and 
some depend on the size, strength, and endurance of the human frame, 
since hand firing is almost universal. Some of these conditions are 
violated in the design and arrangement of furnaces in certain types of 
boilers ; deviation from them involves either a demand for greater 
strength and skill on the part of the fireman, or a loss of efficiency 
of both. 

These conditions, with examples of good and bad practice, are as 
follows : — 

There should be an abundant and uniform supply of air to the 
under surface of the grate. About the only cases where this condition 
is not easily fulfilled is in the design of furnace flues of Lancashire 
boilers and Scotch marine boilers. 

A small supply of air is required over the grate for burning smoky 
fuels like bituminous coal. This air is very commonly supplied 
through a circular grid or damper in the fire door. The fire door is 
commonly protected from direct radiation by a perforated wrought- 
iron plate, which also serves to distribute the air coming through 
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this grid. Since the air thus supplied is cold it must be small in 
amount or it will chill the gases and check combustion instead of 
aiding it. 

Leakage of cold air into the furnace, or into the combustion chamber 
or flues beyond the furnace, injures the draught and reduces the tem- 
perature of the products of combustion and is a direct source of loss. 
All externally fired lx)ilers and water-tube l)oiler3 are liable to suffer 
from leakage of air. Locomotive and Scotch marine boilers are 
usually free from this defect. 

The incandescent fuel on the grate should not come in contact 
with a cold surface. Furnaces lined with fire brick, such as are used 
for externally fired boilers, conform to this requirement. Vertical 
boilers, marine boilers, locomotive boilers, and all other boilers having 
the furnaces in fire boxes or flues violate this condition, as the plates 
in contact with the fire are kept nearly at the temperature of the 
water in contact with the other side, and are therefore much colder 
than the fire. 

There should be an abundant opportunity for complete combustion 
of gases coming from the fuel with hot air drawn through the fuel, 
before the flame is chilled by contact with cold surfaces. This con- 
dition is best fulfilled by having a clear space over the grate. Exter- 
nally fired boilers commonly have two feet or more between the grate 
and the boiler shell immediately over it, and combustion may continue 
beyond the bridge. Locomotive boilers have from four to six feet 
between the grate and the fire-box crown sheet, but the flame is 
quickly drawn into and extinguished by the tubes. To aid combustion, 
and to protect the lower part of the tube sheet, a brick arch is fre- 
quently carried across the fire box over which the flame must pass on 
the way to the tube. The lack of space over the grate of flue furnaces, 
as in the Scotch marin3 boilers, is only partially compensated by the 
combustion chamber beyond the furnaces. 

Loss from external radiation is almost entirely avoided in inter- 
nally fired boilers. Externally fired boilers are subject to more or 
less loss from conduction and radiation. 

The fire grate should not be longer nor wider than can be con- 
veniently reached by the fireman in throwing on fuel and in cleaning 
the grate. A narrow grate should not be so long as a wide grate. 
In general, a hand-fired grate should not be more than six feet long, 
and if it is over four feet wide two fire doors should be provided. 
These conditions are usually fulfilled by the design of externally 
fired boilers, locomotive boilers, and water-tube boilers. Attention 
has been called already to the difficulty in getting proper space for 
the grates in flue furnaces. With the common diameters of the fur- 
nace flues, a length of five feet should not be exceeded. Elues in 
marine boilers have been made eight feet long; in such case the 
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further end of the grate is sure to be inefficiently fired. To aid in 
firing and to use the space below and above the grate to the best 
advantage for the supply of air, and for combustion, the grate is com- 
monly given an inclination downwards of about f of an inch to the 
foot. 

As an extreme example of deviation from these proportions, we 
may cite the Wooten locomotive fire box, designed to bum anthracite 
slack. The grate is made eight feet wide and twelve feet long. 

For convenience in throwing on coal and in cleaning the grates, 
the floor on which the fireman stands should be about two feet below 
the grate. This can usually be arranged for stationary boilers. The 
grate of a locomotive is commonly below the floor of the cab; this 
facilitates throwing on the coal ; some form of rocking grate is used 
to shake down the ashes. The side furnaces of Scotch marine boilers 
are commonly too high for convenient firing, and the middle furnaces 
may be too low for convenience in cleaning the grate. 

Excessive heat in the fire room should be avoided as far as pos- 
sible; the labor of feeding and cleaning a furnace for rapid com- 
bustion is always severe, and when combined with great heat, it 
rapidly exhausts the fireman. If land boilers are properly clothed 
to avoid radiation, and if the fire room is airy and well ventilated, 
the heat will not be excessive. It is, however, very difficult to avoid 
excessive heat in the stoke hole of a steamship. Of course the radi- 
ation from the glowing fuel when the fire doors are open cannot be 
avoided, but it ought to be possible to clothe the fronts of marine 
boilers more perfectly than is now the common practice. Moreover, 
the ventilation of the stoke hole is commonly defective ; the air pours 
down through the ventilators and makes cold spots immediately 
beneath them, while other parts of the stoke hole are hot. Forced 
draught with closed stoke hole usually gives good ventilation; with 
closed ash pit it is liable to give defective ventilation. 

Grate Bars are commonly made of cast iron, as it is cheaper and 
lasts as well as wrought iron. Sometimes wrought-iron bars are used 
on locomotives and elsewhere, if they are expected to withstand rough 
usage. 

Cast-iron fire bars are generally f to one inch thick at the top, and 
3^ to f of an inch thick at the bottom ; they are about two inches deep 
at the ends, and three to five inches deep at the middle. To provide 
for wasting of the upper surface, they are made full width for some 
distance down from the top, thus forming a sort of head ; then they 
are rapidly narrowed down to a web that is tapered gradually toward 
the bottom. The space between the bars depends on the draught and 
the nature of the fuel ; with ordinary coal and natural draught, f to ^ 
of an inch is allowed. Lugs or projections are cast at the ends and at 
the middle, so that the bars shall be properly spaced when laid side by 
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side. With forced draught, the bars may be f to -j^ of an iuch wide at 
the top, and the distance between the bars may be i^j- to ^J^ of an inch. 
A dead plate two inches wide should be fitted to the furnace tube of 
marine boilers to prevent admission of air at that place. 

The length of fire bars should not exceed three feet ; the length of 
a fire grate may be made up of two or three short bars. Bars are com- 
monly cast in pairs, or three or four may be cast together to resist 
twisting and warping under heat. 

Wrought-iron fire bars are formed with a head and web, but are of 
uniform depth, as they are cut from a rolled bar; they are bolted 
together in sets of six, with washers to give the proper spacing. For 
marine boilers they may be ^^ of an inch thick at the top, with spaces 
^ of an inch wide, or less. 

Booking Grates have the grate bars pinned to short arms or rockers 
on transverse shafts at the ends; there are two sets of such rockers: 
alternate bars, or pairs of bars, being pinned to different sets of 
rockers, so that when the grates are rocked with a hand bar, the 
alternate bars (single or double) move up and down, back and forth, 
and thus break up the clinker and shake out the ashes. The bars, 
commonly, are of special shape, with interlocking side projections that 
assist in grinding up the clinker. They are used on stationary and 
locomotive boilers, but have not been adapted to marine boilers. 

Firing. — Care, skill, and intelligence are required to burn coal rap- 
idly and economically. There is a marked difference in the ability of 
trained firemen to make steam with a given boiler, and probably there 
is nothing more wasteful and costly than a poor or careless fireman. 

The method to be adopted in firing depends on the type of boiler, 
the kind of coal, and the rate of combustion. Three methods of firing 
may be distinguished : — 

Spreading, which consists in distributing small charges of coal 
evenly over the surface of the fire at short intervals. In this method 
the object is to deliver the coal just where it is wanted, and then not 
disturb it. The fire can then be kept in just the right condition at all 
times, and probably the best results can be thus obtained, both in abso- 
lute quantity of steam and in economy, provided the coal used is well 
adapted to this method. Care must be taken to have the door open as 
little as possible, or an undue amount of cold air will be admitted 
through the fire door. 

Anthracite coal should always be fired by spreading, and should be 
disturbed as little as possible after it is thrown in place. Unless the 
fire is urged very little clinker will be formdd, and the ashes are 
readily shaken out by a pick or hook run up between the fire bars. 
The thickness of the fire may vary from four to eight inches, depend- 
ing on the size of the coal and the strength of the fire. 

Dry bituminous coal, and other bituminous coals, if not very smoky 



and if in small pieces, can be advantageously fired in tliis way. Each 
shovelful thrown on will give off volatile matter which will bum with the 
excess of air coming through the fuel, and very little smoke will i-esult. 

Figure 39 shows the appearance of the furnace of an externally 
fired boiler, with the spreading method of firing. 

Side firing consists in covering all ot one side of the fire with fresh 
fuel, leaving the other bright. The smoke given off from the fresh 
fuel can then be burned with the hot air coming through the bright 
fire. This method of firing is best carried on with two furnaces lead- 




^^Bg to a common combustion clia,mljer; the furnaces are fired alter- 
nately, at regular intervals, with moderate charges of coal. It is cus- 
tomary to admit air through the grid in the tire door when the fuel ia 
giving off gas. 

Coking the coal on a dead plate, or on the grate just inside the fire 
door, is perhaps the best way of burning a smoky coal. The appear- 
ance of the furnace is shown by Fig. 40. 

The volatile products driven off from the beap of coal near the fur- 
nace door burn with the hot air coming through the clear fire at the 
rear. As soon as the charge is coked it is pushed back and spread over 
the grate, and a uew charge is thrown on. 

With bituminous coal the fire should be thicker than with anthra- 
cite coal ; from 8 to 12 inches gives good results. 

The method too often followed by ignorant and indolent firemen, of 
throwing on as much coal as the furnace will hold, and then sitting 
down to wait till the steam pressure falls, needs to be mentioned only 
to condemn it. 

Mechanical Stokers, feeding coal regularly from a hopper, have been 
invented in a variety of forms from time to time. Since tlie hopper 
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tn»; be made of cousiderable size, nmiiuul luinlling of the coal may 
be entirely avoided, and one man can easily attend to a. number of 
funuices with little klwr and exposure to heat. It would appear also 
that a mure even and better regulated combustion may be had than 
with hand firing. 

Alt such devices, which depend on having moving parts inside a 
confined furnace, quickly get out of order through the combined action 
of heat and dust. 

The Honey stoker shown by Fig. 41 appears to have given good 
residts when applied to externally tired boilers. 

The grate bars extend across the fumiice and form a series of steps 
hung on pivots near the top, as shown more dearly in Fig. 42 and 




Fig. 43. The lower prise of tlic web nf the grate bar has a ronuded 
lug at the end that rests in a eorres ponding groove across the rouker 
bar. The rocker bar has a slow and regular reciprocation commu- 
nioated to it by the connecting rod which takes hold of the agitator, 
which in turn derives its motion through a link from the disk crank 
that is driven by a small steam engine. The e.oal in the hopper 
slidea down onto the feed plate which is hung at the outicr edge to 
the pusher, anil the pusher is driven by the agitator; a feed wheel 
regulates the action of the pusher and feed plate, and thus regu- 
lates the rate of feeding the coal. The coal slides slowly over the 
dead plate onto the grate. The grate bars rock back and forth from 
the inclined position shown by Fig. 42 to that shown by Fig. 43, 
and the coal gradually works down the grate, burning as it goes. The 
combustion is supposed to be regulated so that nothing but ashes and 
clinker remain at the foot of the grate. The unburned refuse collects . 
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on the dumping grate shown by Fig. 44; from time to tini 
dumping grate loay be thrown down as indicatpd iu white lines, and 
the ashes slide onto the ash-pit floor. 




I 



This gnte ■ippeirs t^ hp wpII adapted to burn smoky fuel, as such 
fuel is well coked at tbe top of the grate, and the volatile parts driven 
off by coking can burn with the excess of air coming through the 
grate at the bottom 
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If the rate of feed is too fast it is evident that unbumed coal will 
work down onto the dumping grate, and will appear in the ashes. If 
the rate of fuel is regulated so that no coal appears in the ashes, the 
fire becomes thin at the bottom, and an excess of air is liable to enter 
there ; certain tests on this grate have indicated such an excess of air, 
which is the side on which the ti reman is liable to err, as he may not 
know how much waste he thus occasions, while he can see the coal in 
the ashes. 

Special Furnaces are required for buniing various refuse material, 
such as sawdust, tan bark, straw, and bagasse ; no attempt will be made 
to describe them here. 

When wood is burned on a grate it may be sawn into pieces two 
feet long, and the grate may have the bars spaced wider than for coal. 
Cord wood can be burned on a brick hearth a little longer than the 
sticks of wood ; the wood ashes are small in amount, and are light, so 
that the draught will sweep a large portion of them into a pit beyond 
the hearth. Wood is not now burned for making steam except in remote 
■places, unless it be at sawmills and wood-working factories, where a 
large amount of refuse wood is produced in the form of slabs, sawdust, 
shavings, etc. 

Smoke Prevention has become a matter of great social importance in 
cities where much smoky coal is used. Though the loss through imper- 
fect combustion of carbon to the form of carbon monoxide may be 
great, and though there may be an appreciable loss if the volatile parts 
of coal are driven ofP unconsumed, it is a fact that the loss in smoke, 
even when it is dense and black, is not enough to induce coal users to 
take the trouble to prevent the formation of smoke. Not infrequently 
it has been found that the methods used to prevent smoke are accom- 
panied by a loss instead of a gain. For example, smoke burning by the 
alternate firing of two furnaces leading to a common combustion cham- 
ber may give a slightly greater efficiency if just enough hot air in 
excess is admitted through the clear fire to burn the gases distilled 
from the fresh charge. If the clear fire must be kept too thin, and 
thus admit a large amount of air, in order that the smoke may be 
burned, there will be a loss of efficiency. Though it is not well proved, 
it is asserted that the mixture of finely divided carbon, in the form of 
smoke, with carbon dioxide may give a clear gas with the formation of 
carbon monoxide, and thus with a notable loss. The same difficulties 
arise when side firing and coking are resorted to with smoky fuels. 

The most perfect arrangement for smoke prevention which has yet 
been tried consisted of a detached furnace with small grate area and a 
deficient air supply, so that the coal was distilled and burned to car- 
bon monoxide ; the resulting hot gases wer^ then burned under a steam 
boiler. The method was suggested by the producer furnaces, used for 
making gas for the open hearth in steel making. The objections 
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are the loss of heat by radiation from the detached furnace, and the 
space occupied by that furnace. Though reported to be a success so far 
as the prevention of smoke is concerned, it has not met with approval. 

Thus far, when laws against making smoke have been enforced, the 
users of fuel have chosen to buy anthracite coal or coke, or in some 
cases have used crude petroleum oil. 

Oil-Burning Furnaces have the oil thrown in by sprayers or ato- 
Baizers, and the oil bums in a flame that is about four inches in 
diameter and two to four feet long. The sprayer has two conical 
converging tubes, one inside the other, something like the steam and 
water nozzles of a steam injector. Compressed air or superheated 
steam is supplied to the inner tube and the oil is drawn through the 
outer tube and thrown into fine spray mingled with air. Compressed 
air is the better, considering proper combustion only, but the great con- 
venience of using steam near a steam boiler has led to its common use. 

It is very important that the supply of oil should be below the 
sprayers ; it is usually supplied by a small direct-acting steam pump. 
This is to avoid the accidental flooding of the furnace and fire room 
with oil and the attendant danger of conflagration. 

Forced Draught. — When a higher rate of combustion is required 
than can be had with natural draught, resort is had to forced draught, 
by aid of which 100 pounds of coal can oe burned per square foot of 
grate surface per hour. 

Three systems of forced draught are in common use, namely, with 
a closed stoke hole, with closed ash pits, and induced draught. 

Induced draught has long been used on locomotives, through the 
action of the exhaust steam thrown through the smoke stack. The 
same method is used to some extent on tugboats. This method is 
simple and effective, but can be used only with non-condensing engines. 
Attempts have been made to get induced draught by placing a centrifu- 
gal or other form of blower in the chimney, but the heat, smoke, and 
cinders quickly put it out of order. 

On steamships forced draught has been obtained by the aid of 
centrifugal fan blowers. The method with closed ash pit has been 
used with success on merchant steamers and some war ships. • With 
this method the air drawn from the fire room passes through a 
blower and is delivered to the ash pit, which has an air-tight door. 
If the pressure in the ash pit exceeds the resistance to the passage of 
air through the fuel, flame comes out aroimd the fire door unless it is 
also made air tight. When the fire door is opened to throw on coal, 
the blast must be shut off from that furnace and all others having a 
common combustion chamber, or flame will shoot out into the tire 
room in a dangerous manner. One reason why it has not been used 
on war ships is the difficulty of properly ventilating the many small 
fire rooms in which boilers are placed. 
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The closed stoke hole has been the customary way of getting a 
forced draught on torpedo boats and on other naval vessels. The 
stoke hole is closed air tight, admission and egress being through air 
locks, and air from without is forced in through a centrifugal blower 
till the pressure exceeds that of the atmosphere. When a fire door 
is opened to attend to the fire, there is a strong inrush of air that is 
liable to make the tube plates leak. So great difficulty has been 
experienced from this cause, when forced draught has been used with 
the Scotch boiler, that many naval officers doubt its advisability for 
large ships. The success of forced draught on the locomotive and 
on torpedo boats with modified locomotive boilers may be attributed 
partly to the type of the boiler and partly to the fact that there is 
only one boiler and one furnace. When two boilers are used on a 
torpedo boat, each has its own chimney. 

On locomotives, the induced draught frequently amounts to a dif- 
ference of pressure equivalent to that of a column of water five or 
seven inches high. Forced draught on torpedo boats has approached 
those figures, but is usually less. Large ships usually have the forced 
draught restricted to two inches of water. On account of the resist- 
ance to the entrance of air to the fire room of war ships, through 
ventilating shafts, gratings, etc., it has been common to assist the 
draught by running the blowers without closing the air locks. 

Howden'8 System. — The temperature of gases in the uptakes of 
marine boilers is frequently high, especially when forced draught is 
used. In Howden's system, the products of combustion pass among 
horizontal transverse tubes placed in an enlargement of the uptake. 
Air to supply the fire is drawn through these tubes by a fan blower 
and is thereby warmed, thus saving heat and giving quicker combus- 
tion. Care must be taken in using this system not to go too far, or the 
fire may become too hot and rapidly burn out the fire grates and do 
other injury. 

Clearing Fires. — Three tools are used in clearing the grate ; they 
are a long straight bar known as the slice bar, a similar bar with the 
point bent at right angles to make a hook, and a long-handled rake 
with three or four prongs. The hook may be run along between the 
grate bars from below, to clear the spaces from ashes and clinker. The 
slice bar is thrust under the fire on top of the grate to break up the 
cinder ; it is used also to stir and break up caking coals. The rake is 
used to haul the fire forward or to draw out cinder. 

To clean a fire the fireman breaks up the cinder with the slice 
bar and rattles down the ashes ; if necessary, he works the fire back 
toward the bridge and exposes the grate in front, which may then be 
thoroughly cleaned. Then he hauls the fire forward and cleans the 
back end of the furnace. Cinder which will not break up and pass 
through the grate is pulled out through the fire door. Some firemen 
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efer to clean the grate one side at a time. After the grate is cleaned 
e fuel left is spread evenly over the grate and fresh fuel is thrown 
L. The fire should be allowed to bum down before cleaning, but 
fair amount of glowing coal should be left to start a new fire briskly, 
efore beginning to clean the fire the draught should be checked by 
osing dampers or otherwise. 



CHAPTER VI. 

GRATE SURFACE AND HEATING SURFACE. 

The Bate of Combustion of fuel is stated in pounds burned per square 
foot per hour. The following table gives rates of combustion for 
several types of boilers : — 

Rates of Combustion. 

With chimney draught : ^°°°j^«r K?' ^ 

Slowest rate, Cornish boilers 4 to 6 

Ordinary rate, Cornish boilers 10 to 16 

Ordinary rate, factory boilers 12 to 18 

Ordinary rate, marine boilers 15 to 26 

Quickest rate for anthracite coal 15 to 20 

Quickest rate for bituminous coal 20 to 25 

With forced draught : 

Locomotives 40 to 100 

Torpedo boats 60 to 126 

The variation of the rate in any given case depends on the draught, 
the kind of coal, and the skill of the fireman. 

Eatio of Grate Surface to Heating Surface for several types of 
boilers is given in the following table : — 

Ratio of Grate Surface to HEATiyo Surface. 

Marine return-tube boilers 1 : 25 to 1 : 38 

Marine return-tube boilers, average of a large number 

of boilers 1 : 30 

Lancashire boilers 1 : 26 to 1 : 33 

Cornish boilers 1 : 27 to 1 : 34 

Boilers of modified locomotive type 1 ; 30 to 1 : 34 

Yacht boilers, locomotive type 1 ; 40 to 1 : 46 

Horizontal internally fired cylindrical multitubular 

boilers 1 : 45 to 1 : 50 

Portable boilers, locomotive type 1 : 23 to 1 : 70 

Water-tube boilers 1 : 34 to 1 : 65 

Locomotive boilers 1 : 60 to 1 : 70 

In calculating the heating surface of a given boiler, it is customary 
to take account of all the surface that comes in contact with the hot 
gases. Thus for a cylindrical tubular boiler we include that part of 
the cylindrical shell which is below the supports on the side walls, the 

74 
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rear tube plate up to the brick arch that protects the steam space from 
the hot gases, and all the inside surface of the tubes. The area of the 
tubes is deducted from the gross area of the tube plate, to find the 
effective area. The front tube plate is not counted as heating surface. 
The heating surface of a locomotive boiler consists of the four sides and 
crown of the fire box and the inside of the tubes ; allowance is of course 
made for the area of the tubes in calculating the area of the front side 
of the fire box, i.e. of the tube plate. 

Eelative Value of Heating Surface. — It is apparent that there is 
much difference in the value of the different parts of the heating sur- 
face depending on its form and location ; consequently when we use 
the above table or any other tables, it must be with the understanding 
that they apply to boilers of ordinary dimensions and proportions. 

Hutton^ gives the following estimate of the relative values of heat- 
ing surface from certain parts of some types of boilers ; even if not 
entirely reliable, such an estimate gives a good general idea of the 
relative values : — 

Crown sheet of locomotive boiler 1.00 

Crown of furnace in flue 0.96 

Plates of cylindrical boiler over external furnace 0.90 

Fire-box tube plate of locomotive boiler 0.80 

Water-tube surface, facing fire 0.70 

Vertical side of fire box 0.50 

First three feet of tube of locomotive boiler 0.30 

Surfaces below the fire grate are not counted as heating surface ; for 
example, the part of the flue under the grate in a Lancashire boiler. 

He also gives as the results of four experiments to determine the 

evaporative power of the heating surface of the plates of a locomotive 

fire box, — 

19.40 20.64 21.96 23.12 

average, 21 pounds per square foot per hour. He quotes 16.67 pounds 
for one experiment and 36.9 for another, on other boilers. Experi- 
ments on two locomotive boilers gave 6.8 and 9.6 pounds of water 
evaporated per square foot of tube surface per hour. 

In an experiment with a multitubular boiler, the tubes were 
divided into six sections, and the percentage of evaporation by each 
section was as follows : — 

Sections of tubes 1, 2, 3, 4, 5, 6. 

Percentage of evaporation 47, 23, 14, 8, 6, 3. 

In another experiment with a multitubular boiler, the barrel was 
divided by partitions into five lengths, each 12 inches long ; the percen- 
tages of evaporation from the different divisions were as follows : — 

1 Steam-boiler Construction. 
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Section of tubes 1, 2, 3, 4, 5. 

Percentage of evaporation 66. 29, 16, 13, 10. 

In both of these tests the high percentage of the tirst section is due 
largely to the aid of the tube plate. The diameters of the tubes were 
probably about 2 inches,, but it is not stated by Hutton. 

It is probable that there is little if any advantage in making two- 
inch tubes more than 8 feet long for horizontal boilers ; for vertical 
boilers they may be twice as long with advantage. The four-inch 
tubes for horizontal stationary boilers, in like manner, need not be 
more than 16 feet long. If it is desired that flame shall traverse a 
flue without being extinguished, the flue should not be less than one 
foot in diameter. 

Equivalent Evaporation. — The heat required to evaporate one 
pound of water depends on the temperature of the feed water, the 
pressure of the steam, and the per cent of priming. Thus to evapo- 
rate a pound of water from the temperature t^ F. under the pressure 
p in pounds per square inch absolute, with 1 — a; priming (t.e. with a 
quality of steam x) requires 

thermal units. Here r is the heat of vaporization, and q the heat 
the liquid corresponding to the pressure />, and q^ is the heat of 
liquid at the temperature ^o- Now the heat of vaporization at 212 
is 965.8 thermal units, and 

a^ 4- g — go 
965.8 

is called the equivalent evaporation from and at 212**. This i 
equivalent to using a special thermal imit 965.8 times as large as thr ^ 
standard unit. . 

Evaporation per Pound of Coal depends on the quality of the coalj^^- 
the rate of combustion, and the type of the boiler. The influence o 
the temperature of the feed water and the pressure of the steam is 
commonly allowed for by giving the equivalent evaporation at 212°. 

It is usual also to state the evaporation per pound of combus- 
tible, allowing for the ashes and other incombustible refuse. It is, 
however, to be remembered that the carbon in a poor fuel has a less 
value than an equal quantity of carbon in a good fuel ; so that a good 
fuel should always be chosen for making comparative tests of different 
boilers, unless the use of poor fuel is an essential element of the test. 

The effect of the rate of combustion is illustrated by the following 
table given by Isherwood as the result of tests made on a marine 
tubular boiler which had a ratio of heating surface to grate surface 
of 25 to 1. The equivalent evaporation at 212° is given in this table. 
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'SaTK or COMBITBTION, 

F^onxi^^DS or Coal pbb Squark Foot 
OF Grate Surfacb. 


Evaporation 
PER Pound or Coal. 


Evaporation per Square Foot 
of Heating Surface. 


6 


10.6 


2.52 


8 


10.4 


3.33 


10 


10.1 


4.04 


12 


9.5 


4.56 


14 


8.9 


4.98 


16 


8.2 


5.25 


18 


7.7 


5.54 


20 


7.3 


5.84 


22 


7.0 


6.16 


24 


6.8 


6.53 



As a matter of interest, the evaporation per square foot of heating 
surface has been added ; it is obtained by multiplying the evaporation 
per pound of coal by the rate of combustion, and then dividing by the 
ratio of heating to grate surface. The greater efficiency of the heating 
surface is due to the stronger draught required for the higher rate of 
conabustion, and to. the resulting increase of the temperature of the 
firo and of the hot gases in the tubes. 

Kutton gives the following table of equivalent evaporation per 
poiind of coal for several types of boilers : — 

Plain cylindrical 5 to 8 

Vertical 5 to 10 

Water-tube 5 to 11 

Cornish 6 to 11 

Lancashire 6J to 12 

Marine return tube . . . . : 7 to 12 

Multitubular 8 to 12 

GaUoway 9 to 12J 

Locomotive 8 to 13 



The lower rate is what may be expected with the boiler in ordinary 
condition and with ordinary care in firing. The superior limit is the 
highest that can be expected with good design, clean plates and tubes, 
slow rate of combustion, and extra care and skill ; results as high as 12 
pounds, and over, per pound of coal should receive credence only when 
the tests are made by competent observers under favorable conditions. 

I'or cylindrical tubular boilers, and similar boilers, under ordinary 
conditions, an actual evaporation of 8^ pounds of water, or an equivalent 
evaporation of nine pounds of water, per pound of coal is all that can 
^ expected. 

Locomotive boilers, on railroads, more commonly give six or seven 
Poiinds of water per pound of coal. 



78 



STEAM BOILBBS. 



The vertical boilers quoted are small portable boilers ; large, well- 
designed, vertical boilers, with tubes two inches in diameter and 16 
feet long, give as good results as any multitubular boilers. 

As an example of high economy, we may quote the official test on the 
boilers at the Boston Main Drainage Pumping Station.^ These boilers 
are of the locomotive type, with large double furnaces, and with combus- 
tion chambers in the barrel between the furnaces and the tube plates. 

The following table gives the data and results of a test on a boiler 
of similar construction, designed by Mr. F. W. Dean, for the Newton 
Water Works : — 



Test of Boiler at Newton Upper Falls. 

Duration of test, 1 1 hours 45 minutes, or 11.76 hours. 

Average pressure, by gauge 122.87 pounds. 

Atmospheric pressure 14.8 . pounds. 

Average absolute pressure 137.67 pounds. 

Average temperature of feed 116°.06 F. 

Total heat above 32° F., of steam of 137.67 pounds per sq. in. . 1189.1 

Heat in water of temperature of 116^.06 F., above 32° F. . . . 84.1 

Heat given to every pound of water fed to the boiler, under 
the assumption that it was evaporated into dry and satu- 
rated steam of the boiler pressure, 1189.1 — 84.1 = . . . 1105.0 B. T.U. 

Total water fed to the boiler 44704.5 pounds. 

Total coal consumed 4548.1 pounds. 

Water evaporated per pound of coal at boiler pressure and tem- 
perature of the feed, 44704.5 -r- 4548.1 = 9.83 pounds. 

Ash per pound of coal 0.057 pound. 

Combustible per pound of coal 0.943 pound. 

Water evaporated per pound of combustible at boiler pressure 

and temperature of feed = 9.83 -^ 0.943 = 10.42 pounds. 

B. T. U., per pound of coal, given to every pound of water 
fed to the boiler, under the assumption that it was evapo- 
rated into dry and saturated steam of the boiler pressure, 

9.83x1105= 10862.15 

Equivalent evaporation per pound of coal from and at 212° F., 

= 1105 X 9.83 --965.8= 11.26 pounds. 

Equivalent evaporation per pound of combustible from and at 

212° F., 11.25 -=- 0.943 = 11.93 pounds. 

Area of grate 48J sq. ft. 

Coal burned per sq. foot of grate per hour = = . . 8.04 i)Ounds. 

^ & F 11.75 x48i ^ 

Grate Surface and Heating Surface per Horse Power. — On account 
of the difficulty of making boiler tests on steamships, and the conse- 
quent lack of exact information, it is customary to base the design of 
marine boilers on the indicated horse power of the engines, which can be 
readily determined. The following table from Hutton represents Eng- 
lish practice; a few land boilers are included for comparison. 

1 Thermodynamics of the Steam Engine. — Peabody. Page 297. 
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Boilers of locomotive engines 

Boilers of yachts, locomotive type 

Marine boilers, modified locomotive type . . 
Retiurn-tube boilers of armored ships .... 

Coil boilers 

Return-tube boilers for express steamers . . 
Return-tube boilers, dispatch boats .... 
Marine return-tube boilers for triple engines 
Torpedo-boat boilers, locomotive type . . . 
Marine return-tube boilers, compound engines 
Marine return-tube boilers, average of a large 

number of boilers 

Lancashire boilers 



Square Fket 
Gratk Surfack. 



Square Feet 
IIeatino Surface. 



0.021 
0.036 
0.050 
0.060 
0.060 



0.066 
0.080 
0.100 
0.090 



0.100 



to 0.034 
to 0.040 
to 0.070 
to 0.070 
to 0.083 
0.083 
to 0.095 
to 0.100 
to 0.126 
to 0.140 

0.120 
to 0.166 



1.4 to 1.86 

1.65 
1.6 to 2.0 

1.5 to 2.26 



3.30 to 3.60 
1.33 
4.00 

3.26 
2.76 to 4.26 



All these boilers have natural draught, except the locomotive-engine 
boilers and the yacht-locomotive boilers, which have exhaust steam 
blast in the chimney. The heating surface per horse power for marine 
return-tube boilers ranges from 1.75 to 2.5 square feet, and may, in a 
general way, be averaged at two square feet. 

Mr. Byles estimates that warships during continuous steaming will 
develop one horse power for each three feet of heating surface, and on 
tbis basis estimates the sustained sea speed of the U. S. S. Columbia 
at 20^ knots : the average speed during the four hours of the trial trip 
was 22.8 knots. 

Steam Space. — The steam space and the free surface for the disen- 
gagement of steam should be sufficient to provide for the efficient 
separation of the steam from the water. Cylindrical-tubular boilers 
frequently have the steam space equal to one-third of the gross volume 
of the boiler shell. Marine return-tube boilers usually have a smaller 
ratio of steam space to water space. 

The more logical way appears to be to proportion the steam space to 
the rate of steam consumption by the engine. Thus the ratio of the 
volume of the steam space of cylindrical boilers to that of the high- 
pressure cylinder of multiple expansion engines varies from 50 : 1 to 
140:1. The ratio of the steam space of a simple locomotive engine to 
the volume of the two cylinders is about 6^ : 1. 

The capacity of the steam space is sometimes equal to the volume of 
steam consumed by the engine in 20 seconds. It was found in some 
experiments with marine boilers, having a working pressure less than 
50 pounds per square inch, that a considerable quantity of water was 
carried away by the steam when the steam space was ec^yial to t\^<i 
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volume of steam consumed in 12 seconds, but that no water was carried 
into the cylinders when the st 'am space was equal to the volume of 
steam used in 15 seconds, and that no trouble from water ivas ever 
experienced when thi» steam space was proportioned for 20 seconds. 

All the preceding discussion refers to engines that run at a consid- 
erable speed of rotation ; not less than 60 revolutions per minute. 
Engines tliat make but few revolutions per minute and take steam for 
only a portion of the stroke, require a larger proportion of steam 
space. As an example, we may cite the walking-beam engines for 
padiih* steamers. 

Boiler Horse Power. — Since the power from steam is developed in 
the engine, and not in tlie boiler, and since the economy of the use of 
steam depends on the engine only, it is apparent that we cannot 
properly assign any liorse jwwer to a boiler. Still it is customary and 
convenient to rate boilers by the horse power, and lor that purpose it is 
customary to consider that 30 pounds of water evaporated from feed 
water at 100® F., under the pressure of 70 ^wunds by the gauge, is 
equivalent to one horse power. This is the standard recommended 
by a committee of the American Society of JMechanical Engineers.^ 
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CHAPTER VII. 



CHIMNEYS AND FLUES. 

At the present time, the theory of chimney draught is in such an 
unsatisfactory condition, on account of the lack of proper experimental 
investigations, that in practice flues and chimneys are proportioned 
empirically or by comparison with examples that give good resultH. 
Common proportions will be given first, and then a statement of tliw 
present condition of the theories. 

Height of Chimney. — Professor Trowbridge gives the ioUowlMK 
table of heights of chimney required to give certain rates of cAnnhiiuHtnit 
obtained by collecting reliable data and drawing a curve U) i'«pr«>*««Mi 
mean results : — 

HEIGHT OF CHIMNEV. 



Heights in 


Text. 


POITJID* or 0>4IL wt» 

Sqcabb Foot or tt!^iu/« '/P 


20 




m 


25 




08 


30 




76 


35 




84 


40 




93 


50 




105 


60 




116 


70 




126 


80 




135 


90 




144 


100 




152 


110 




160 




1 


_^r===^^^ 






It, 

14.0 



Area of Section. -The area of the ^^""^^Z.!!! ^I'^^^T^^ '^'^? ^ 

erred from ^^^^ vof^ r.^ ..^u,.cf.ion per »^1"^'^ wA>^ 4^ *a>*^..<^. .^ 



inferred from the rate of combustion per ^1"J^ J^ 

the chimney, in the preceding table. '^^''''JZTJ^^W^^ 7^ "^' '^^'^•^ 
of circular section with smooth internal suif^^.^W w^^a, ^^., . ..., ^^^j^.^ 






unobstructed flues, we may have 
with the grate area : — 

Section of chimney . 
Section of tubes, total 
Area over fire bridge 



the foUowiuif *^y/^.>*.. ^^ ^^^^^ 
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Chimney Draught — The density of the chimney gases is slightly 
greater than that of air at the same temperature and pressure, but, for 
our present purpose, we may neglect the difference, and proceed as 
though we were dealing with air only. 

Let Vq be the specific volume of air at the normal pressure of the 
atmosphere, and at the temperature of freezing water, which will be 
represented by Tq on the absolute scale. Let T^ and T^ be the absolute 
temperatures of the atmosphere in the chimney. Then, neglecting 
changes of atmospheric pressure, we shall have for the weights of one 
cubic foot of the atmosphere, and of the chimney gas, 

The weights of a column of air H feet high and one square foot in 
area of cross-section, under the two conditions, will be 

and the difference of the weights will be 

Vo\T, Tj ^ ^ 

If we have the column of hot air at rest in a chimney, the differ- 
ence, at the foot of the chimney, between the pressure inside and out- 
side will be represented by the expression (2), in pounds to the square 

foot. If we wish to express the pressure in inches of water, we will 

12 

multiply by -— — ; this method is convenient when the draught is 

measured by a U-tube containing water. 

All theories of chimney draught that have been proposed treat the 
difference of pressures, inside and outside the chimney, as though it were 
a head producing a flow of a fluid, as a head of water produces a flow 
of that liquid. 

Flow of a Liquid. — In hydraulics, it is shown that we may express 
the relation between the velocity of flow of a liquid in a pipe' and the 
head producing the flow, by the following equation : — 

h==^(l + k + k, + ^, (3) 

in which h is the head, in feet, of the liquid producing the flow ; V is 
the velocity in feet per second ; g is the acceleration due to gravity ; k 
and ki are coefficients used to express the resistance of obstructions 
like valves, bends, etc. ; I is the length of the pipe ; m is the ratio of 
the area to the perimeter of the pipe ; and / is the coefficient of friction 
of the fluid against the sides of the pipe. The several coefficients vary 
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with the velocity of flow, the size of the pipe, and the nature of the 
resistance. Experiments in hydraulics have been made, and tables pre- 
pared, so that the proper coefficients may be selected for use with the 
equation under any given conditions. 

It is assumed in theories of chimney draught that an equation of 
the same form may be used to express the relation between the head, 
or difference of pressure inside and outside the chimney, and the flow 
of gases through the furnace, flues, and chimney. The resistances to 
the passage of gases through the grate and the fuel on it, and through 
the flues and tubes, may be expressed by aid of coefficients G and (7, 
which are like k and k^ in equation (3) ; the resistance of friction of 
the gases against the side of the chimney may be assimilated to the last 
term in the parenthesis of equation (3), replacing I by H. 

Peclet's First Theory. — The theory of chimney gases commonly 
given in text-books and elsewhere was proposed by Peclet several 
years ago. In thi^ theory he expressed the head producing the flow in 
feet of hot gas in the chimney, so that from expression (2) we have 

He then takes for his equation expressing the relation of the height 
of the chimney and the velocity Vc of the hot gases therein 



m 



J 



If the area of cross-section of the chimney is A square feet, the vol- 
ume of hot gas discharged per second is 

and the weight discharged per second is 

W= V.A • ^ ^. 



V T, 



on J 



(6) 



From some experiments on chimneys and boilers, Peclet gives, in 
connection with this first theory, the following values for the coefficients 

G = 12, /= 0.012, 
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under the aAsumption that from 20 to 24 pounds of coal are burned per 
scjuare foot of grate i»er hour ; the coefficient C does not appear in his 
ec^uation. 

Ecjuation (6) is in the proi)er form for calculating the weight of gas 
discharged by a given chimney for which the height, area, and perime- 
ter of cross-section are known. If the weight of gas to be discharged 
and the area and i>erimeter are known, the equation for a given case 
leads to a quadratic eiiuation for finding the height H, which can 
readily be solved numerically. If the weight of gases is known, and the 
height of the chimney is assumed, then the insertion of linear dimen- 
sions in place of A and m leads to an equation of the fourth degree ; 

fH 

but as - — is small compared with 1 -f- G^, an approximate solution may 

be had by neglecting this term ; the second approximation by inserting 
for m a value deduced from the first approximation to A could be 
readily obtained if desired. 

It appears that the equation (6) gives a maximum for a value of 

c — -* ■* a* 

The factor in equation (G), which varies with the temperature is, 

(y,-r.)j . 

equating the first differential coefficient with regard to T^, to zero we 
have 

that is, the maximum weight of gas discharged by the chimney, accord- 
ing to this theory, will occur when the absolute temperature in the 
chimney is twice the temperature of the atmosphere. 

If the temperature of the atmosphere is 70° F., this hot gas theory 
gives for the temperature producing the maximum flow 

2 (460 + 70) - 460 = 600° F., 

a figure that is often quoted. 

Peclet's Second Theory. — A later theory, developed by Peclet, made 
the velocity of the gas entering the furnace depend on the difference of 
pressure inside and outside of the chimney, expressed in feet of cold gas. 
This gives for the head 

In assimilating the flow of gas through the furnace, flues, and 
chimney, we now have the resistance to the flow through the grate 
and the fuel on it, proportional to the square of the velocity of the 
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gas entering the chimney, while the resistance to the flow through 
flues and tubes and the resistance due to friction in the chimney, are 
proportional to the velocity of the hot gases ; neglecting variations of 
temperature in the flues and tubes, we may take for the temperature 
of the hot gases T^. Now the specific volume of the cold gases and 
hot gases are proportional to the absolute temperatures, and the 
velocities of flow through passages having equal areas of cross-section 
will be proportional to the specific volumes, so that we may assume 
the velocity of the hot gases to be 

V. = ^ v.. (8) 

Our equation for flow may consequently be written 



(9) 



(10) 



The weight of hot gas discharged per second is therefore 

from the equation (8). Consequently, 

W=- V2^-^ ( T,-TM 1 

\ tJ m tJ 

If we assume that the terms C— 2 and -^ ^ are small as compared 

with (t, then the weight discharged varies with 

and this expression increases without limit as T^ increases. This theory 
is considered to show that there is no limiting temperature like that 

shown by the first theory. But, for boilers with fire tubes, the term 

T 

C — ^ is not small compared with 1 4- G^, so that the flow should be 

considered to vary with 

and this expression will give a maximum when the first differential 
coefficient iiS equated to zero. 
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A 



Difeossion of Peolet's Theories. — In the first place, it is evideiv^> 
that the two theories are iiK^omixitible; for, neglecting the resistance^ 
clue to friction and to the jKissage of the gases through tlie fuel on tJo^ 
grate, and through the tulx's. we have by the two theories 



so that 



V,= V-^h{^^^ K=V2^h(^^'. 






But since the pressure in the chimney is assumed to be constant, 

should have 

V T 

V ~ T 

In the fourth edition of Peclet's work,* — the editor, A. Hueld 
decides, from a s^^ecial thermodynamic investigation, that the first o 
hot giLs theory should he chosen. An application of the general theo 
of the flow of fluids appears to favor the opposite conclusion; both, 
however, take no account of friction and resistances, and cannot 
conclusive. 

In the general theory of the flow of fluids,^ it appears that the 
assumption that the volume of the fluid is not appreciably affected by 
clianges of pressure and temperature leads at once to the equation 

V= V2ghy 

which is used in hydraulics for calculating the velocity of flow of a 
liquid from a reservoir. But a gas experiences notable changes of vol- 
ume from a change of either pressure or temperature ; consequently the 
above equation cannot give accurate results even for slight changes of 
pressure. Both of Peclet's theories make use of this equation, and are, 
therefore, equally defective in theory, even though they should have a 
practical convenience. 

If we consider the mechanical assimilation of the flow of hot gas in 
a chimney to the flow of water in a pipe, the first or hot-gas theory 
appears preferable, since it expresses the head in terms of the fluid 
with whose velocity the resistances are supposed to vary. Moreover, 
nothing but hot gas gets into a chimney, and the velocity of flow of 
the cold gas approaching the furnace must depend on the area of the 
conduit leading to the furnace, which may differ from the area of the 
chimney. 

On the other hand, if we try to assimilate the chimney to a pipe 
discharging air from a reservoir into the atmosphere, the cold gas 

1 Trait6 de la Chaleur, etc. — E. Peclet, Tome 1, page 280. 
^ TAerinodynamics of the Steam Engine, page "V^. 
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-f^lieory appears to have the advantage. To make the idea more defi- 
ite, a calculation will be carried through for a special case, omitting 
11 resistances. 

Let it be assumed that the difference of pressure between the gases 
1 the chimney and the air outside at the base is equivalent to one inch 
f water, or 5,2 pounds per square foot. Let the temperature of the 
tmosphere be 60° F., at which the specific volume is 

12.39 X ^^•'^ '^ ^^ = 13.09 cubic feet. 
492.7 

The thermodynamic equation for the flow of cold air into the chim- 
ey, as through a short tube into the air, gives 

- r=J2x32.16xl4.7xl44xl3.09-ll;ri-f '"''"f-"' )'^ 
1 1.4— 1[_ V 144x14.7 / 



i 



,\ F=64.4 feet per second. 
Using the formula borrowed from hydraulics, we have for the head, 

5.2 X 13.09 = 68.07 feet, 
and the velocity will apparently be 



V= V2 X 32.16 X 68.07 = 66.2 feet. 

The discrepancy is something less than three per cent. This dis- 
crepancy will be less for smaller differences of pressure, and more for 
larger differences ; but the variation is not much for any case arising 
in practice : for example, the discrepancy is about eight per cent for 
4.7 pounds difference, equivalent to 130 inches of water. 

From Fliegner's experiments it appears that the pressure in the 
orifice is greater than the pressure of the external atmosphere where 
air discharges from a reservoir in which the pressure is much greater 
than that of the atmosphere. But for small differences of pressure, 
the pressure in the orifice approaches the pressure of the external 
atmosphere. We may, therefore, ignore this matter in comparing the 
results by the two methods of calculation. 

If, now, we may assume that the air once in the chimney is in some 
way strongly heated without disturbing the flow into the chimney, we 
may make the velocity of the hot gas leaving the chimney proportional 
to its specific volume. Ignoring the slight changes of temperature and 
volume due to the adiabatic flow of air mt,o \,\vft e\i\xwDL<K^^ ^^ ^'^ 



\ 



88 8TBAH BOILERS. 

assume that the absolute temperature in the chimney is twice the abso- 
lute pressure of the atmosphere, or that 

7; = 2 r. = 2 X 520.7 = 1041^4 ; i.e. 580^ F. ; 

and we will further assume that the volume of the hot gas is twice the 
specific volume of the cold gas, or 

2 X 13.09 = 2G.18 cubic feet ; 

so that the velocity of the hot gas is 

2 X 64.4 = 128.8 feet per second ; 

or if we use the hydraulic equation, 

2 X 66.2 = 133.2 feet per second. 

The hot-gas theory will have for the head producing the flow 

5.2 X 26.18 = 136.14 feet. 

The corresponding velocity of flow will be 



V2 X 32.16 X 136.14 = 93.6 feet. 

This is of course equal to 66.2 multiplied by V2, because the specific 
volume of the hot gas has been assumed to be twice that of the cold gas. 

There does not seem to be any a priori way of deciding which result 
is the more probably correct, and as yet no experiments have been made 
which determine the velocity of gas in a chimney due to given draught. 
We do not even know whether the method of calculating the draught 
from the temperatures of the atmosphere and of the chimney gases is 
justifiable. 

Finally, the resistances to the passage of air through the fuel and 
through the tubes are so much greater than the head required to pro- 
duce the velocity of flow, that any uncertainty in determining the latter 
will cause wide discrepancies in the experimental determination of the 
corresponding constants C and G. It is more than doubtful if so large 
coefficients of correction for resistance are admissible, especially as 
neither the temperature nor the velocity of the gases at the grate and 
at the tubes is anywhere near those for either the hot or the cold gas. 

Before a working theory can be produced, we ought to find experi- 
mentally -r- 

(1) What draught will be produced by a given height of chimney 
with a given difference of temperatures inside and outside of the 
chimney. 

(2) What portions of the draught are used in forcing the air 
through the fuel, and through the flues and tubes, etc., leading to the 
chimney. 

These experimental data should be obtained for a sufficient variety 
of conditions, including different types and proportions of boilers and 
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various rates of combustion for different kinds of fuel. The time has 
gone by when engineers expuct to get valuable results from theories 
tiiit are developed by questionable methods, and which depend on a 
few isolated experiments 

Forms of Chimneys — Chimneysareeommonlyhuilt of brick, and are 
either round or square in section ; 
the round section gives less resist- 
ance of friction and is less affected 
by pressure of wind tending to 
blow it down. Chimneys are also 
made of plate iron, and may then 
be lined with brick to reduce loss 
of heat. 

Figure 45 shows the elevation 
and section of a large brick chim- 
ney ; it has a brick lining, sepa- 
rate from the external shell, to 
provide for expansion. Figure 46 
e constniction of the head 
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of the chimney, which has a cast-iron cap to protect the masorm^y 
from infiltration of water. These figures represent a square chimix^J; 
but with a few minor changes may be made to represent a ronxid 
chimney. 

Stability of Chimneys. — On account of the concentration of weiglit 
on a small area, and the disastrous results that would follow from 
defective work, the foundations of an important chimney should be 
carefully laid by an experienced engineer. A natural foimdation is to 
be preferred, but piling and other artificial methods of preparing the 
earth for the foundation can be used when necessary. Good natural 
earth should carry from 2000 to 4000 pounds to the square foot. The 
base of the chimney should be spread out so that this pressure, or 
whatever the earth can safely bear, may not be exceeded. 

A discussion of wind pressure will be found on page 152 of Lanza's 
Applied Mechanics, with a statement of experimental results. Exp^ri" 
ence shows that an allowance of ^ly pounds for wind pressure on flat 
surfaces of chimneys is sufficient: this figure is higher than tl^at 
obtained by experiments. The pressure on a round chimney may ^ 
taken to be half that on a square chimney, having its side equal to I^Ig 
diameter of the round chimney. The chimney may be treated a^ a 
cantilever uniformly loaded with 55 pounds to the square inch, and fcie 
bending moments and the resulting stresses should be calculated for 
sections at intervals from the top down to the base. The stress from 
the wind pressure is to be compounded with the direct stress due i^ 
the weight of the chimney above the section in question. The com- 
bined stresses on the side toward the wind must never be a tension. 
The total compressive stress on the side away from the wind should 
never be greater than brick masonry can safely bear, say eight tons to 
the square foot. Only the outer shell should be considered in these 
calculations. The lining may be calculated for weight only. 

Iron chimneys may be calculated in a similar manner, but the shell 
of such a chimney may endure tension as well as compression. The 
brick lining, when one is used, adds nothing to the strength of the 
chimney, but, on the other hand, the lining usually is carried by the 
shell. The calculations should be made for the weakest sections, 
which will probably be at the ring seams. If the ring seams are 
carefully butted and strapped, the compression may be direct from one 
plate to the next ; such seams are liable to be held by the riveting in 
compression as well as in tension. It is customary to consider that, 
as well-driven rivets fill the rivet holes completely, the whole section of 
the plate may be used in calculations for compression. It is better to 
take the net section, subtracting the rivet holes for compression as well 
as for tension. Iron chimneys are commonly stayed; in such cases 
proper allowance should be made in the calculations. 
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STAYING. 



All sheets of a boiler that are not either cylindrical or hemispheri- 
cal have to be stayed to keep them in shape. Take, for example, the 
common form of horizontal multitubular boiler : the sheet is cylindrical 
and requires no staying, as the internal pressure tends to keep it cylin- 
drical ; but the heads, when subjected to pressure, would tend to become 
hemispherical, and this tendency has to be resisted by the staying. 

Different forms and arrangements of staying have to be used with 
different types of boilers. A few general methods can be given, but 
the details and final arrangement should be laid out for each boiler. 

Horizontal Multitubular Boilers. — In staying a flat surface, it is first 
necessary to find how near together the stay rivets must be in order 
that the plate between these rivets shall not have an outside fibre stress 
of over 6000 pounds per square inch for iron, or 8000 pounds per square 
inch for steel. The pitch of these stay rivets will generally be from 
3.5 inches to 5.0 inches, depending, of course, on the thickness of plate, 
pressure, etc. 

As it is not ad visible to run a brace or through-stay from each stay 
rivet, a number of these are fastened to a channel bar or angle iron, 
which acts as a beam; this beam being supported at two or three 
points by means of tie rods or braces. This beam must of course be 
strong enough to carry the loads brought to it by the rivets, and the tie 
rods or braces which act as the supports for the beam must be strong 
enough to carry the entire load on it. Plate I. gives a good example 
of a form of staying much used to-day. The load on the stay rivets is 
taken by two six-inch channel bars and by an angle-iron stiffener near 
the top of the head. 

The lower channel is really a continuous girder of four spans and 
five supports. Three of these supports are the through-stay rods. 

The other two supports are at the inner edge of the flange of the 
head. The upper channel has but two through-stay rods located six- 
teen inches on centres. These are kept apart so as to enable a man to 
get into the boiler through the manhole, which would of course be 
impossible if the arrangement was the same as in the lower channel. 

It is not a good plan to stay heads so as to make thei\i ^^\iiftQ>tV^ 
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rigid, as this is apt to cause grooving. A space of at least three 
inches is left between the top of the tubes and the first row of stay 
rivets, and a similar space is left at the sides. After deciding on 
the type of staying to be used, the pitch of stay rivets may be made 
smaller than the calculated amount if it is more convenient in spacing. 
The vertical pitch is often made different from the horizontal, for the 
same reason. 

The stay rods are upset at the ends so that the diameter at the bot- 
tom of the screw thread is as great as the diameter at the middle of 
the rod. A check nut and washer are placed on the inside, and a cop- 
per washer and cap nut on the outside (see enlarged drawing, Plate I.). 
This copper washer is cupped out on the imder side so that it bears on 
the plate along a narrow ring. The cap nut prevents water from leak- 
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Fig. 47. 



Fig. 48. 



ing out around the screw thread. Long stay rods, large in diameter, 
are often supported in the centre. 

In a similar form of staying often used on horizontal multitubular 
boilers the channel bar is replaced by two angle irons. The inner 
washer then bears directly against the plate; other details are the 
same. 

A third style formerly used is shown in T'igs. 47 and 48. 

Horizontal rows of stay rivets are fastened to bars of wrought iron 
2.0 to 2.5 inches square. Ears are jump welded onto these bars, and 
the stay rods having forked ends are attached to the ears by bolts or 
split pins. The top of the head is stiffened with angle irons. 

A fourth style, i.e. the crowfoot, is often used by itself and also in 
combination with some of the previous methods. An example of crow- 
foot staying is shown in Fig. 50. It will be noticed that the lower 
stay rivets in the middle crowfoot are placed too near the top row of 
tubes. A double crowfoot covers four stay rivets (Fig. 51), while a 
single crowfoot (Fig. 49) takes the load on two rivets. This load is 



generally carried to the shell by a diagonal btace. Single crowfeet are 
Bometimes made out of pieces of boiler plate bent into the right shape. 
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Two other forms are Bbown by Figs. 52 and 53, and the braces ia»^ 
with these forms by Figs. 54 and 55. 

These last forms are objectionable for high pres- 
sures, on aci-uiuit uf the uncertainty as to the streng^l 
of tlie tee and angle irons. 

Locomotive Boiler. — The part of the head above 
the tubes is stayed in the same way as in a horizonta.1 
multitubular boiler. 

The locomotive boiler, Plate V., liaa the upper part of 
the front head stayed by eight 1 J-inch diameter throug"h 
stay bolts, together with four diagonal braces runnia^ 
to the second and third courses, and by two shor* 
diagonal braces. The sides of the fire bos are stayecl- 
to the shell by screwed stay bolts headed over cold oc» 
the inside and outside. The holes for these have h^ 
be tapped with a special tap made long enough to 
reach through both plates. 
The back end of the live box between tlie lower tubes and the upper 
stay rivets in the water legs is generally stayed as shown in Fig. 1, 
Plate V. In this particular boiler, the second sheet being flattened at 
the aides, is stayetl by three tee irons and cross rods as seen in Fig. 1. 

The crown sheet being directly over the fire, and subjected to an 
intense heat, is the hardest part to stay properly. The ordinary 
methods used on the heads will not answer here, as overheatii^ of the 
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plates would occur under the channel bars or angles used because of 
the increased thickness of metal. On Plate V. Figs. 1 and 2 show 
the general arrangement and Figs. 5 and 6 details of crown-sheet 
staying. The crown sheet is 8up|)orted by |-inch bolts which carry 
this load to sets of crown bars supported by means of sling stays, and 
by forgings (Fig. G) which rest on the e<lges of the plates forming the 
sides of the tire l)ox. These crown bars are made of 4^" x 1" wrought 
iron. 

The |-inch bolts have copper washers under the heads, which serve 
to make a steam-tight joint with the plate. Under the nuts there are 
washers, as shown in Fig. 6, which keep the tops of two crown bars 
forming a set together. To prevent buckling the plate upward, from 
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unduly tightening up the bolts in making a joint with the copp0^^ 
washer, ferrules of cast iron are put between the crown bars and th.^ 
plate, as shown in Fig. 5. These ferrules are made quite small 
where they bear on the plate, so as to keep as little of the sheet a^ 
possible from direct contact with the water in the boiler. Each crowH- 
bar is hung in two places by sling stays attached either to the shell oT 
to the sides of the dome. This reduces the span of the crown bars^ 
which might otherwise become excessively heavy. The different sets 
of bars are all tied together at the top, and then the front set is tied to 
the head. 
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Crown bars are sometimes run along the len^li of the fire box or at 
right angles to those shown on Plate V. 

Two other styles of supporting the crown sheet, now quite commonly 
used, are shown in Figs 56 and 57 The stay rods run through the shell 
where the jomts are made by means of copper washers under the nuts 
The joints in the crown sheet are made by conical enlargements just 
under the heads of the stay rods, fitting into reamed conical holes in 




the plate. The tension on the stay rods, due to the pressure on the 
crown sheet, tends to make these joints fit closely. 

Marine Boiler. — Plate IV. shows a method of staying commonly used 
in Scotch boilers. As the heads are made of iron or steel, from f" to 
1" thick, the allowable distance between stay rivets is greater than in 
either locomotive or horizontal stationary boilers. That part of the 
heads above the tubes is stayed directly by 10 through rods 2" 
diameter. Thick washers, 8" diameter, hold the plate on the outside 
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for some distance either side of the stay rods. The top part of the 
flat plate forming the front of the combustion chamber is held by 
the tubes. The lower part is tied to the front head by two rods of 
Burden's best iron, *2\ inches diameter, and live rods, If inches diameter. 

The sides of the combustion chamber are tied to the shell by 
means of short stays placed as shown by the radial lines on the left 
side of the end view. Both front and back heads are stiffened between 
the tubes and the shell by tee irons bent to shape and riveted on. The 
flue tubes are subjected to external pressure, and of course have to be 
held in shape. This is done by corrugating the plates as shown in the 
longitudinal section. This also allows for expansion of the flues. 

Gusset stays are sometimes used on the heads above the tubes. 
These are made of pieces of plate cut in the shape of a trapezoid, two 






Fig. 68. 



Fig. 69. 



sides being parallel and two at right angles. Each piece is fastened to 
two angle irons, one on the plate, and one on the head. These gusset 
stays, as seen in an end view, are placed on radial lines. Instead of 
corrugating flue tubes, they are often made plain and then strengthened 
by bands of wrought iron or angle irons, bent into a circle about 4'' 
larger than the flue, and joined to it by rivets running through ferrules 
(Fig. 58) ; the arrangement being similar to that of the ferrules used on 
crown sheets of locomotives. 

To allow for expansion, the different courses of plate in the flue 
tube are joined together through an expansion ring, which by its bend- 
ing permits of some end motion. This ring should be kept from direct 
contact with the fire, and there should be as little thickening of the 
flue as possible at the joints. Figures 59 a and 59 c show two forms of 
joints and Fig. 59 5 a joint which does not give any flexibility. 



CHAPTER IX. 

DETAILS. 

Horizontal Multitiibiilar Boilers. — Longitudinal seams are com- 
monly double riveted, while roundabout seams, which have but one-half 
as much stress as the longitudinal, are single riveted. 

Longitudinal seams are placed in the steam space with the joints in 

the different courses, alternating either side of the top of the boiler. The 

front course, which is directly over the fire, should be outside of the 

next course. This brings the roundabout lap pointing to the back end 

of tile boiler, and the edge of the joint is thus protected from direct 

coiita.ct with the flame. The tubes occupy a little more than half of 

the Ixead. They should be laid out in vertical rows, leaving a wider 

spaoe at the centre, so as to allow the heated water to rise freely. 

l-uh>es are sometimes spaced diagonally; but, although more tubes may 

"^ X>'Ut in by this method than by a vertical spacing, there is a poorer 

^ii'Cvilation of water. Entrance to the inside of the boiler is provided 

ttiroxigh a manhole in the middle course. It is important that the 

loiig^P dimension of this hole should be along the circumference, and 

^^"t along the length. The manhole cover is held in place by means of 

^ tiolt running through a cast-iron yoke. An inside manhole ring and 

^^Ver is shown in Plate I. 

An outside manhole ring and cover are shown in Fig. 50. A hand 
^ole is made near the bottom of each head. The cover at the back 
*^ead should be drawn up by means of a key rather than by a nut, as 
ttie thread is soon spoiled by the lire, rendering the removal of the nut 
difficult. Reinforce plates of boiler iron are riveted on for the feed 
and blow-off pipes. The blow-off pipe should have malleable fittings, 
and should have a plug cock placed outside of the setting. The feed 
pipe often leads under the water line, where it terminates in a perforated 
pipe running across the boiler. 

A valve should be placed in the feed pipe close to the boiler, and out- 
side of this valve a check valve, as shown in Fig. 86. Figs. 80, 83 show 
one form of stop valve, and check valve. Feed pipes are sometimes run 
through the front head. Two steam outlets are provided : one for a 
safety valve and one to draw from. The safety valve is generally 
placed on the front nozzle, as the steam is apt to be more moist here 
than at the back nozzle, where there is not such a violent boiling of the 

water. Connection is made to the steam nozzles by means of bolted 
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flanges, into which the steam pipe screws. A pop safety valve is shown 
in Fig. 67 and a weighted lever valve in Fig. 66. 

Boilers over 18 or 20 feet long usually have three brackets on a 
side. A very good form of bracket is shown in Plate I. The bracket 
is riveted on so that the bearing surface is a little above the centre of 
the boiler. Rollers are placed under all but the front set of brackets, 
to allow for the longitudinal expansion of the boiler. 

A fusible plug, or, as it is often called, a safety plug, is screwed into 
the back head just above the top row of tubes. As long as this plug 
is under water, there is no danger of the fusible metal melting out ; but 
if the level in the boiler drops below this point, the plug heats up, as 
st^^am will not carry away heat as rapidly as water, and finally melts 
out and allows steam to blow into the furnace, and thus give warning 
to the fireman. 

A gauge-glass combination is placed in front of the setting, where it 
can be easily seen by the fireman. Figure 69 shows a common form. 

There are gauge cocks on the side, which can be used instead of the 
glass to tell approximately the level of water in the boiler. The glass, 
although very strong, is quite brittle, and care has to be taken not to 
scratch it when putting it on, or in cleaning it. 

Valves are placed at the top and bottom of the glass, by means of 
which an old glass may be replaced while steam is on the boiler. In 
case the glass should break, without any one being near to shut off the 
valves, the level of the water would be blown down through the lower 
cock to that level. Figure 70 shows a self-closing device often 
applied to the lower valve. The valves in the pipes leading from the 
combination to the boiler should be locked open, so that the combi- 
nation shall at all times be open to both the steam space and water 
space. The steam gauge is sometimes attached to the top of the 
combination, but more often to the steam pipe or safety-valve nozzle. 
There should always be a siphon in the pipe under the gauge, so that 
only water goes into the tube in the gauge. 

Locomotive Boilers. — The usual arrangement of plates is shown in 
Plate V. The smoke box is attached through a wrought-iron ring. 
Good methods of making the joint at the fire door are shown by 
Fig. 60. 

Figure 61 shows the manner of making the joints at the steam dome. 
The manhole opening is in the top of the steam dome. Much smaller 
tubes are used than in horizontal multitubular boilers, the object being 
to get as much heating surface as possible ; and for the same reason 
the tubes are often spaced diagonally. 

Mud plugs, about 2'' diameter, are tapped into the plates near 
the bottom of the water legs. The plates which form the water legs 
are joined at the bottom to a rectangular ring of 4" x 2^" wrought 
iron drilled for rivets. 
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Steam is taken from the steam dome into a pipe running inside the 

boiler over the tubes, and passing through the head into the smoke box, 

wiLere it is distributed through branch pipes 

ta the cylinders on either side. A poppet 

vaX^e, placed in the steam dome on the end 

of this pipe, controls the supply of steam 

to it. 

This valve is connected through a bell- 
cirskjjak lever with a rod running over the 
cir<z>iim bars out through the head into the 




e 



The valve is nearly balanced. A slight 

3ess of pressure on the larger disk tends 

lold the valve shut. 

The smoke-box end of a locomotive boiler 

is> :f astened firmly to the engine frame. The 

^^*^^-box end, although tied to the frame, 

^^ left free to expand, as shown in Fig. 4, 

"K^late V. 

The exhaust from the cylinder being 
"^B-ssed through the smoke stack, serves to 
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Fig. 60. 



keep up a strong current of air through 

the fire. When the engine is not running, a jet of live steam can 

be blown up the stack for the same purpose. 
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Karine Boilers. — In the Scotch boiler shown in Plate lY.^ eaclx 
course is made up of three plates. 

The heads are each made of two pieces, the joint in the front head 
coming just above the top row of tubes, and that in the back head dLTt, 
about the centre. The lower part of the front head is flanged outwar<3 
at the flues, and inward at the edge. 

Whei-e the flue is nearest to the shell, the inward flange com^* 
almost into the same line as the outward flange. Good material bsm^^ 
great care are required to prevent heavy stock from cracking wh^^*^ 
flanging in this way. 

A number of manholes and hand-hole openings give access to 3---^ 
paHs of the flue tubes. 

Steam is drawn from the boiler through a perforat>*=^^ 



t 



a 



dr}' pipe running in the steam space the whole length 
the boiler, and passing out through the front head. 
An uptake made of thin plate is bolted to angle iro 

U riveted to the front head. This uptake is fitted arourm- 

the flue tubes so as to include all the tubes. 
^^^ Eivets. — Figure 62 illustrates a pan-tailed rivet sue 

Fia, 62. • . . 

as IS used in machine riveting. 
In Fig. 63, A shows a conical head such as is made by hand riveting". 
B shows a cup-headed or snap-headed rivet, formed by hammering" 
down the point, and finishing with a cup-shaped die. 





Fig. 63. 



B also shows how punched plates should be put together. 
C has a machine-riveted head. The inner head is sometimes made 
the same as the outer. 

D and E show countersunk heads. 



CHAPTER X. 

CALCULATION OF STRENGTH OF BOILERS. 

The calculation of the stresses coining on the different parts and 
members of a boiler, are made by the application of the principles of 
applied mechanics ; the method of application will be given here, 
together with a few special problems met in designing boilers. 

Thin, Hollow Cylinders. — If p is the pressure of the steam (or 
other fluid) in a thin, hollow cylinder having the thickness t and the 
radius r, then the stress per square inch along an element of the 
cylinder will be ^ 

T- P^' . 

for safety, the stress T should not exceed the working stress /, so that 

pr ^^pr 

^ t' f 

The stress on the section of the cylinder made by a plane at right 
angles to its axis may be found as follows : — 

Suppose the end of the cylinder is a thick, flat plate, then the 

pressure of the fluid in the cylinder on the end is (using the same 

notation as before) 

irir^ 'P; 

this- total stress is resisted by an annular ring of metal having the 
approximate area 

so that the stress per square inch is 



T= 7rr-/? ^ p 
2'irrt 2 ri 

and in order that the working stress shall not be exceeded, we should 
have 

-^ 2ri 2rf 



1 Applied Mechanics, Lanza, page 262. 
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But the force required to hold on the end of the boiler does not 
depend on the form of the end ; so the above equations apply to any- 
thin, hollow cylinder. 

Since the stress along an element is twice the stress on a section 
perpendicular to the axis, it would appear to be unnecessary to make 
the latter calculation for a homogeneous cylinder of uniform thick- 
ness. But boilers are made by riveting plates with longitudinal and 
ring seams, and the real strength of the cylinder will depend on the 
efficiency of the riveted joints used; consequently both calculations 
should be made. The ring seam has usually a less efficient joint than 
the longitudinal seam, but the efficiency is easily made more than half 
as much, so that a new boiler will always be stronger on the ring seam. 

Example, — A thin, hollow cylinder, 5 feet in diameter and ^ an 
inch thick, under the pressure of 100 pounds to the square inch, will 
be subjected to a stress along an element of 

5 X 12 X 100 ^ I = 12,000 pounds 

per square inch ; if the cylinder were made of one plate of steel with- 
out a seam, this stress would be about \ of ultimate strength. 

Thin, Hollow Sphere. — The stress on a diametrical section of a thin, 
hollow sphere is the same as the stress on a section of a thin, hollow 
cylinder of the same diameter and thickness, made by a plane perpen- 
dicular to the axis. 

Formerly the ends of plain cylindrical boilers were made hemi- 
spherical, but such ends are difficult to make and are needlessly strong, 
if of the same thickness as the cylindrical shell. It is now the 
practice to curve such ends to a less radius than that of the cylindrical 
shell. If the radius of the head is equal to the diameter of the shell, 
as shown in Fig. 64, then, with the same thickness of plate, the stress 
will be the same per square inch, provided there are no seams in head 
or shell. The heads usually do not have a seam, and the shells always 
have a seam ; the margin of strength in the head, when the same thick- 
ness of plate is used, under this condition may be offset against the 
possible injury done to the head in shaping it. 

The construction known as a bumped-up head, has the edge flanged 
into a cylindrical form to make a joint with the shell, and to avoid the 
awkward stress that would be thrown onto the cylindrical shell if the 
true cylindrical and spherical surfaces were allowed to intersect. 

If it is inconvenient to curve the head to a radius as small as 
the diameter of the cylinder, then a thicker plate may be used, with a 
longer radius. 

Eiveted Joints. — An adequate knowledge of the properties of 
riveted joints for a given purpose can be obtained only by direct tests 
on full-sized pieces. A series of such tests made for the Bureau of 
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,' showed in all cases a failure by shearing the rivet | 
or by tearing the plate between the rivets, and such a result is ti 
expected for all joints used in boiler making, where the pituh of the I 
rivets is regulated by the necessity of making a tight joint by t-alking. 
For joints, like that shown by .fc'ig. 65, which have a wider cover plate 
. on the steam aide than ou the outside, the outside row of rivets may 
■^ve an excessive compression ou the beaiing surface in front of the 
livets, and in such case it is well to u 



■ak'ulatiou for the uoi 




pression by the common method.^ Experiments on riveted joints for 
boiler work show that the apparent compression on the plate in front 
of the rivets, as calculated by the commou method, is always greater 
than the known compressive strength of the plate, when the joint 
failed by eompressiou, and that in some cases the apparent compresaion 
is twice the eompresaive strength of the plate. It will be proper to 
assume, iu such calculations, the factor for compreaaion in the common 
formula to be not more than 90,000 pounda. 

The lap of a riveted joint for boiler work can always be made enough 
to avoid shearing or breaking of the plate in front of the rivet, and it 

1 Applied Mechanics, Lanza, page 62r). 
' Ibid., page 258. 
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always is enotigh in good practie*. Caleulations for failure by these 
methods iiiay be advisable for a joint of uiiunual proportions, using the 
comnion method alreiuly referred to. 

The efficieiipy of a single-riveted lap joint calculated for shear of the 
rivets and tearing of the plate betwuen rivets will commonly be 56 pe* 
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cent, and of a double-riveted lap joint 70 per cent; special joints, 
sbnilar to that shown by Fig. 65, but with two rows of widely spaced 
rivets outside of the narrow cover plate, have shown by experiment an 
efficiency of 85 per cent. 

Tables of common proportions for riveted joints will be found on 
pages 529 to 536 of Lanza's Applied Mechanics. 
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Flat Plates. — The stress on flat plates used sometimes in boiler work 
can be calculated only by the aid of the theory of elasticity; the 
student is referred for the discussion and the resulting equations to the 
tenth chapter of Lanza's Applied Mechanics, The following cases are 
liable to occur : — 

(1) Round, flat plate supported all round, — For example, flat cast-iron 
heads for plain cylindrical boilers or drums. The objections to the use 
of cast iron for boiler making have almost entirely excluded this form 
of construction from good practice. There does not seem to be the 
same objection to the use of flat plates of iron or steel if special con- 
siderations warrant the use of plates of the necessary thickness. 
Although such plates are riveted to cylindrical shells having some 
rigidity, they cannot be considered to be fixed at the edges, nor can the 
effect of the rigidity of the shell be allowed for. 

(2) Stayed flat plates. — This case is treated in the theory of elas- 
ticity, under the head of " indefinite plates which are firmly held at a 
system of points dividing them into rectangular panels." The only 
condition that leads to a definite solution is that the panels shall be 
squares ; this is the common condition when numerous stay bolts are 
used. Should it be convenient to space stay bolts so as to give rectangu- 
lar panels with unequal sides, then the longer dimension may be used in 
the equation for square panels; the stress thus calculated will be 
greater than the actual stress by an unknown amount, but the error 
is on the side of safety. There does not appear to be any way of cal- 
culating the stress on a plate stayed at irregular intervals. 

(3) Sheets of a locomotive fire box. — The side sheets of a locomotive 
fire box very commonly carry part of the load, resulting from the pres- 
sure of the steam, on the top of the fire box ; this gives rise to a com- 
pression which must be compounded with the stresses arising from the 
staying of the sheet. 

Stays. — The stays which support flat plates are either round rods, 
as shown in Plates I. and IV., or are flat plates, shown by Fig. .3, 
page 5, as applied to a Lancashire boiler. 

When straight stays, like those passing through the steam space of 
the Scotch boiler shown by Plate IV., are evenly spaced, each stay 
carries the pressure of the steam on the rectangle at the centre of which 
it is placed. In the case mentioned, the stays are spaced 14 inches 
from centre to centre horizontally, and 13 inches vertically, so that with 
a pressure of 160 pounds to the square inch, the \)vl\ on the stay is 

14 X 13 X IGO = 29,120 pounds. 

The diameter of the rod is 2 inches, and the area is 3.14 square inches; 
so that the stress per square inch is 

29,120 -h 3.14 = 9300 
poimds per square inch. 
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If stays are run diagonally to the side of the shell, as in Fig. 12, 
page 10, the pull on the stay is evidently greater than it would be if 
the stay were perpendicular to the surface it supports. The allowance 
for the angle at which the stay is placed may usually be made by a 
simple proportion. For example, let a diagonal stay, for the flat end of 
a cylindrical boiler, be attached at a point 2 feet from the shell, and 
let it meet the shell 6 feet from the head. Then the pull will be 
greater than on a through stay, in the proportion 

i?i±^= 1.054. 
6 

If stays support a girder, as, for example, the girder riveted to the 
head of the cylindrical boiler shown by Plate I., the pull on the stays 
will depend on the distribution of the load on the girder. This will 
be discussed in connection with the calculation for such a girder. 

Stay Bolts are usually arranged in rows, so that each supports the 
pressure of the steam on a square or rectangle, and the calculation is 
like that for through stays on page 107. 

For example, the stays for the locomotive fire box on Plate V. are 

spaced 4 inches on centres and are ^ of an inch in diameter. The area 

of cross section may be taken to be 0.6 of a square inch, so that with 

170 pounds steam pressure, the stress per square inch of the stay 

appears to be 

4 X 4 X 170 -^ 0.6 = 4500 pounds. 

In addition to the direct stress on a stay bolt, there is liable to be 
an awkward cross-breaking stress, due to unequal expansion of the 
inner and outer shells of the fire box ; consequently the apparent 
working stress is always kept low. The screw thread between the 
plates should be turned off to avoid the bad effect of the sharp 
V-shaped groove along the bottom of the screw thread ; when this is 
not done, there is additional reason for restricting the working stress. 
If the outside diameter of the stay over the threads is known only, 
and if that diameter is ' used in calculating the area of the stay, the 
apparent stress will be about 0.8 of the real stress. The real diameter 
should always be known and used. 

Gusset Stays are open to the defect that the distribution of stress 
on the plate forming the stay is uneven and uncertain. It is custom- 
ary to calculate them on the assumption that the resultant stress 
acts along a medial line, and is evenly distributed over the smallest 
section at right angles to this line. A low apparent working stress 
should be used. 

Girders. — When it is not convenient to stay a flat surface to the 
opposite shell of the boiler, it may be stayed to girders that are 
properly supported at the ends. As example, we may refer to the 
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flat plates above the fire tubes in the cylindrical tubular boiler on 
Plate I. ; to the crown sheet of the fire box of the locomotive boiler on 
Plate V. ; and to the top of the combustion chamber of the marine 
boiler on Plate IV. 

The last case mentioned is the most definite and simple, and will 

be chosen for calculation. Ordinarily it would be proper to assume 

the supporting forces to act at the middle of the feet at the ends of 

the girder, but in this case the girders are supported on the flanged 

ends of the tube sheet and the back sheet of the fire box, and it is 

possible that the plates may yield in such a way as to throw the 

supporting forces to the extreme ends of the girder. The girders are 

spaced 7 inches apart, as shown by the cross section Plate IV., and 

the stay bolts are spread 6 J inches apart, as shown by the longitudinal 

section. The load on each stay bolt is consequently at 160 pounds 

steam pressure, 

7 X 6^ X 160 = 7000 pounds, 

^^^ the total load on the girder is 21,000 pounds. The supporting 
lorces are each 10,500 pounds. The bending moment at the middle 
^^ tlxe girder is 

10,500 X %'^- - 7000 X 6^ = 131,250. 

Each plate of the pair forming a girder is f of an inch thick and 
inches deep. If I is the moment of inertia of the section of both 
I^-'-^tes, and if y is the distance of the most strained fibre from the 
^^Utral axis, then the greatest fibre stress is 

i^,^ 131,250x3^ 
-^ / ^^x2x|x73 ' 

-^^unds per square inch. 

The crown sheet of the fire box on Plate V. is also supported by a 
^^ries of double girders, but these are slung from the shell as well as 
^Xipported at the ends. Even with careful workmanship there is 
Considerable uncertainty about the distribution of the load on the 
Supports. If the supports are assumed to be rigid, the calculation 
^f the suppoi-ting forces and of the stresses on the girder may be 
^ade by the general theory of continuous girders. 

The girders shown at the end plates of the cylindrical boiler on 
l^late I. are in somewhat the same case, since the ends beyond the 
through stays receive some support from the adjacent cylindrical 
shell. 

On page 316 of Lanza's Applied Mechanics, it is shown that the 
point of inflection of a beam fixed at the ends and uniformly loaded is 

^--^ = 0.211 
2 .2V3 
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of the span from one end. If we have a girder supported at unifornx 
intervalsi and if the ends project 0.21 of the uniform interval beyond 
the end supports, then with a uniformly distributed load, the supporb- 
ing forces will be equal and the girders may be calculated as a beatci 
fixed at the ends. If the projecting ends have a different lengtti.^ 
then the general theory for a continuous girder must be used. 

Fluat. — The tendency of internal pressure in a thin, hollow cylinder 
is to give it a true cylindrical shape ; consequently, with fair workman- 
ship, the formulae for thin, hollow cylinders may be applied to the calcix- 
lation of boiler shells subjected to internal pressure. But the tendency 
of external pressure is to exaggerate any imperfection of shape, and 
cylindrical flues fail by collapsing. The pressure at which a flue vill 
collapse can be found by direct experiment only. The following table, 
given by Hutton,* gives the results of some experiments to show tl^^ 
collapsing pressure : — 

EXPERIMENTS ON THE COLLAPSING PRESSURE OF BOILER FLU^^* 



WiiBRE OR Bt Whom Made. 



By Fairbairn 

By Fairbairn 

By Fairbairn 

By Fairbairn 

Engineering Dept., U. S. N. 

At Greenock 

By Knight 

By Knight 

By Knight 

By J. Howden & Co., Glas- 
gow 



•35 



7.87 
33.5 
42 
42 
54 
38 
36 
36 
36 

43 



Dimensions. 
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99 
97 
127 
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450 
235 
468 
390 

840 
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740 

700 

1568 

784 

2758 
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114 
113 
100 
119 
120 
436 
218 
490 
350 
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As a result of his experiments, Fairbairn prepared the following 
rule for calculating the collapsing pressure of flues : — 

800,300 X t'-'^ 

p = — ; 

^ ixd 

in which I is the length of the flue in feet, d is the diameter in inches, 
and t is the thickness in inches. Sometimes the exponent of t is made 
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2 instead of 2.19, for convenience in calculation. Since all of his flues 
were long and collapsed at moderate pressure, it is evident that the 
eq^Txation should not be applied to shorter flues which collapse at 
nineh higher pressure. The comparison of the experimental results on 
skoiter flues (column 5 of the table), with the values calculated for 
tkese cases by Fairbaim's rules (column 6), makes this evident. 
Hutton proposes the following rule : — 

< 

in which I is the length in inches, d is the external diameter in inches, 
^d t is the thickness in thirty-seconds of an inch, is a constant which 
IS 600 for wrought iron and 660 for mild steel. The seventh column of 
the table was calculated by this rule ; the later experiments are repre- 
sented very nearly by this rule; in one case only is the calculated 
^sult in excess of the experimental result. Fairbairn's experiments, 
|iowever, are not well represented, as the rule gives higher results; 
^ two cases much higher. Mr. Michael Longridge, as the result of 
^ investigation of numerous boiler flues, most of which have endured 
service for years, but some of which failed, gives a rule in the same 
^^^^ but with a constant 540 instead of 600. 

Per oval flues it is recommended that the rule be applied, using for 
^ ^^ice the maximum radius of curvatui*e. 

Fire Tnbes. — The thickness usually given to fire tubes to ensure 
^^^nd welding and to provide for expanding into the tube sheets, is in 
^^Qess of that required to prevent collapsing. There appears, however, 
^ be no experiments to show the actual collapsing pressure for such 
^\)es. 

The joint made by expanding the tubes into the tube sheets of loco- 
^^^tive and cylindrical tubular boilers, has been found both by experi- 
^^ent and practice to be strong enough to secure the tube sheet without 
^^ditional staying. It is, however, the custom to make part of the fire 
^'Ubes of marine drum boilers thick enough to take a shallow nut out- 
ride of the tube plate ; without such stay tubes there is liable to be 
*eakage at the ends of the tubes. 

Factor of Safety. — The ratio of the working pressure of a boiler to 
the pressure at which the boiler or any part of a boiler may be ex- 
pected to fail quickly, is called the factor of safety for the boiler or 
for that part of the boiler. 

It is commonly recommended by writers that a factor of safety of 
six shall be used for boilers ; probably such a factor would be economi- 
cal for a boiler that is expected to work continuously for many years, 
as it allows a margin for deterioration. If the stresses coming on the 
parts of a boiler can be determined, a general factor of five will give 



112 STEAM BOILERS. 

sufficient security. If the boiler is carefully watched, a factor of four 
may be used ; many boilers are worked with this factor. Of course 
parts like stays, which are subject to more corrosion than the shell, 
should have a larger factor. Moreover, such parts may commonly be 
given ample strength without adding much to the cost or weight of the 
boiler. Attention has been called to this in connection with the dis- 
cussion of the strength of the various parts of the boiler. 

Hydraulic Tests of Boilers. — It is customary to subject new boilers 
to a water pressure considerably in excess of the working pressure, 
to discover any leaks at riveted joints at the tube sheets or elsewhere; 
should there be any gross defect of design or workmanship, it will be 
developed by this hydraulic test. Old boilers after repairs are subjected 
to a hydraulic test for the same purpose, but the pressure is not carried 
so high as for new boilers. 

The pressure applied during a hydraulic test is seldom more than 
once and a half the working pressure, and as most boilers have an 
actual factor of safety of not more than five, and frequently of four, it 
is apparent that the recommendation of some authors, that the test 
pressure should be twice the working pressure, cannot ordinarily be 
followed without danger of injuring the boiler. With a factor of 
safety of six, there should be no danger of injuring the boiler by 
applying a hydraulic pressure twice the working pressure. 

It should be borne in mind that some of the worst stresses that 
come on the different parts of the boilers are due to imequal expansion 
and contraction, and that such stresses are not set up during a hydraulic 
test. Finally, the fact that a boiler has successfully withstood a 
hydraulic test is not a conclusive proof that it is safe; too many 
unfortunate explosions of boilers, more frequently old boilers, after 
a hydraulic test have shown this. 

The safety of a boiler is to be ensured by careful and correct design, 
honest and thorough workmanship, and intelligent care in service. 
Forms and methods of design and construction that do not admit of 
ready calculation should be avoided; in no case should the ordinary 
hydraulic test be relied upon to guarantee the strength of parts that can- 
not be calculated with a fair degree of certainty. If such forms are 
used in any case, they ought to be tested separately to a pressure of 
two or three times the working pressure, and some examples of each 
form and size ought to be tested to destruction. 

The boiler undergoing a hydraulic test should be carefully inspected, 
and any notable change of shape or leakage should be investigated to 
discover the cause. Frequently small leaks that are developed during 
a test are stopped at once by caulking or otherwise, but it is preferable 
to mark the place of the leak and caulk after the pressure is removed. 
This, of course, requires another test to find out if the caulking is suc- 
cessfuL 
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irie pressure is usually applied by filling the boiler entirely full of 
wat^x and then pumping in enough water, by hand or by power, to supply 
the leaks and develop the pressure required. If the pumping is done 
by lixand, it is desirable to carefully remove all air from the boiler to 
avoid the labor of compressing air up to the test pressure. If the 
puirxping is done by power, the saving of work is of less consequence, 
and SL little air remaining in the boiler will act as a cushion and lessen 
the shocks due to the strokes of the pump. 

^^N"ew boilers are tested on the boiler-shop floor; old boilers are 
conxinionly tested in their settings, and in such case the inspection dur- 
ing ^ test is less convenient and efl&cient. 

I"t is sometimes recommended that hot water shall be used for test- 
^^ ^ boiler ; but there seems to be no advantage in so doing, as it is 
'^^ cj^ual expansion, and not merely rise of temperature, that sets up the 
^i^^"^^^t:iown stresses that are so destructive to the boiler. Of course the 
usfe of iiot water makes an efficient inspection, during the test, difficult 
i^ J^^Cit impossible. 

A?Vhen there is no other way of applying the hydraulic test to a 
boiJ.^r in its setting, the boiler may be quite filled with water, and then 
^ light fire may be started in the furnace. The expansion of the water 
^ilX develop the required pressure at a much less temperature than 
tha,-b of steam at the same pressure, and with less danger should the 
^iler fail. This method cannot be recommended for general use ; and 
^ oase it is followed, care must be taken not to exceed the desired 
pressure. 

Sydraulic Test to Destruction. — In 1888 a boiler shell, made to 

^^piresent a part of the shell of a gun-boat boiler, was tested by hydraulic 

P^'^ssure at the Greenock Foimdry^ with the intention of bursting it. 

Tlx^ shell was 11 feet long and 7 feet S^^ inches mean diameter. It 

^^s made of three sections of ^f plate, triple riveted with butt joints 

^^<i double cover plates at the longitudinal joints, and lapped and 

^^'O.'ble riveted at the ring seams. The rivets were staggered for both 

lorx^tudinal and ring seams. The end plates were -|| thick and stayed 

^^"tli through stays and washers, spaced 14 inches on centres. The 

st^,^g were 1|- inches in diameter ; the screws at the ends of the stays 

"^^i*e 2\ inches in diameter. Finally, it may be said tliat the shell was 

^^ signed to fulfil the admiralty specifications for a working pressure 

^^ 1145 pounds per square inch. The workmanship was of the same 

^^gree of excellence usual for boiler work at that establishment. 

First Test. — The shell was first subjected to the working pressure 

^^ 145 pounds, and showed a slight alteration of form due to the 

^'^^dency of internal pressure to give it a true cylindrical form. The 

P^^ssure was then raised to the admiralty test pressure of 235 pounds, 

1 Trans. Inst. Naval Arch., Vol. xxx., page 285. 
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and then to 300 pounds without developing leaks. There were some 
minor changes of form due to the increase of pressui'e. The pressure 
was then removed and the shell returned to its original dimensions. 

Pressure was then raised to 330 pounds, when there was a slight 
leak at the manhole door. At 450 pounds pressure, the leak at the man- 
hole door exceeded the capacity of the pumps. There was also a slight 
leak at the corners of two butts. The manhole was then strengthened 
— no other repairs were made. 

Second Test. — Pressure was raised to 350 pounds and developed & 
small leak at the manhole. There were slight leaks at the butt straps, 
which were caulked at the end of the test. The manhole, however, 
leaked so that the test was stopped. 

Third Test. — After additional bolts were put into the manhole 
cover, the pressure was raised to 350 pounds without leakage. At 360 
poimds, the manhole began to leak, and at 580 pounds, the test was 
stopped on that accoimt. The butt straps opened visibly at the caulk- 
ing and leaked more than before. 

Fourth Test. — The butt joints were again caulked and additional 
pumps were employed. The shell was again tight at 350 pounds and 
the pressure was carried to 620 poimds, at which there was a good deal 
of leakage at the butt straps. Only one or two rivets showed signs of 
leakage; there appeared to be no difference between the hand and 
machine riveting in this respect. At the pressure of 620 pounds, the 
entire capacity of the pumps was required to supply the leakage. 

The distortion of the shell was very marked at the higher pressures, 
and increased with the pressure ; thus, the ends bulged an inch at 520 
pounds, about 1^ inches at 580 pounds, and nearly two inches at 620 
pounds. The sides bulged more irregularly, but to the extent of 
nearly an inch at 620 pounds. The stays drew down uniformly ^ of 
an inch at 520 pounds, ^\ at 580 pounds, and ^^ at 620 pounds. They 
increased in length 2-^^ inches at 520 pounds, 3\ inches at 580 pounds, 
and 3 1 inches at 620 pounds ; this accounts for the bulging of the end 
plates. 

The mean tensional strength of the plates from which the shell and 
butt straps were made may be taken at 61,500 pounds. At 620 pounds 
the tension on the plates between the rivet holes was 57,504 pounds, or 
93^ per cent of the strength of the solid plate, and there was no serious 
disturbance of the structure. The ring seams increased in diameter 
about f of an inch, and the shell bulged out between them. 

The various portions of the boiler acted in harmony and showed no 
special weakness at any point. The butt joints had the rivets spaced 
5 1 inches on centres to give a percentage of 83.7 per cent of the plate, 
and this may have caused the leakage found there. The riveting 
appeared to be reliable at the extreme pressure reached. This test 
seems to show that a boiler will give signs of weakness long before it 
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vill fail. Such signs of weakness should be carefully investigated ; if 
theie is any local weakness or deterioration, repairs or alterations may 
be made ; if there are evidences of general deterioration, the working 
pressure must be reduced, or better, the boiler may be replaced by a 
new one. 

Boiler Explosions. — The great desti-uction of life and property that 
is liable to be caused by a violent boiler explosion makes it imperative 
that the causes should be carefully investigated, to the end that explo- 
sions may be prevented. 

An idea of the energy stored in the steam and water in a boiler may 
be obtained by a calculation of the intrinsic energy in the steam and 
water in the boiler. Thus, each poimd of steam at the pressure pi will 
l^ve an intrinsic energy reckoned from freezing i)oint 

778(pi + gi) 

^oot pounds, in which pi is the heat equivalent of the internal work, and 
9i is the heat of the liquid corresponding to the pressnre pi. Each 
pound of water, at the temperature ^i corresponding to tbe pressure p,, 
^iU have the intrinsic energy : — 

778 qi. 

If'or example, the cylindrical tubular boiler on Plate I. will eratem 
^bout 6600 pounds of water and 22 pounds of steam at \^^^ P««»» 
Pi-essure by the gauge. The intrinsic energy in tlie steam wiU Xm 

22 X 778(338 + 772) = 19,000,000 foot pounds, 
-^^e intrinsic energy in the hot water will be 

6600 X 778 X 338 = 1,736,000,000 foot pound* 

^Ixe first point to be noticed is that there is ^^^^''^^^^ «» th., 
^^ter than in the steam, and the second is, tUat _e ^"^ of thj-^ 
^^ergy is sufficient to account for the destruction chm wf m, U^ij,.^ 

Explosion. m d«to«Ai W-i, 

The circumstances of the boiler explosion ^^^ BfWiit ''*^ic. 
^f this energy is developed and how it is i^>P ^^ tillHtM m l!^^^*'^^\ 
^ase it is seldom possible to make pi'op*'^ ^^ ftiBigki '^ ^-^i! 
appear to be any advantage from so doinf^- • |^^^J^***'-U1. *\' 

may, however, be interesting. The total wei^ro •• nwir a,^j j^>^. 

in the boiler chosen is -*^ 

6600 + 22 = 6022 pound*, 

and the value of x^ is 

22 -f- 6622 = ().00.5-»- 
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An adial)atic ex|)ansioii to the pressure of the atmosphere ps ^^^ 8^^^ 
lor jr* 

a., = ^» (^'«' > + ^, - ^,^ = r>7a7/0.00329 x.Sgag (^^^30 - 0.3143") 
r, V ^i 7 905.1V 826.6 / 

= 0.148. 

Th » intrinsic energy in the water and steam after such an adiabatic 
expansion will be 

6622 X 778(ar^, + Vj) = 6622 x 778(0.148 x 892.6 + 181.8) 

= 1,617,000,000. ' 

The change of intrinsic energy, which would be transformed into ex:t&' 
nal work if the expansion took place in a non-conducting cylinder, ^ 
therefore 

1,736,000,000 +19,000,000 -1,617,000,000 =138,000,000 foot pomxd-^- 

While various causes may lead to boiler explosion, it is unfo^^^' 
nately true that by far the greater part of violent explosions are <i*^^^ 
to the fact that the boiler is too weak to endure service at the regi^^^^ 
working pressure. A new boiler may be weak through defective ^^^' 
sign or workmanship ; there can be no excuse for the explosion o^ 
new boiler from weakness, and such explosions in good practice ^'-*® 
rare. An old boiler is liable to become weak through local or gen^^'^ 
corrosion or other deterioration ; this amounts to saying that a boil ^ 
will eventually wear out. 

Hutton gives for the life of steam boilers that have been kept ^^^ 
good repair, the following record: — 

Egg-ended boilers 40 years 

Lancashire boilers • 33 

Locomotive boilers 24 

Multitubular boilers, various 22 

Portable boilers, locomotive type 20 

Return-tube boilers 18 

Water-tube boilers 16 

He further says that the average life of a locomotive boiler is teti 
years, but that the fire box needs renewal after from three to six year^- 
Also that marine boilers have in some cases worn out in twelve years, 
and in some have lasted longer. 

If boilers are subjected to careless or ignorant abuse, they may he 
used up in a fraction of their proper time of service, especially if 
cheaply built. This will account for the numerous explosions of saw- 
mill boilers and agricultural boilers. 

It has been pointed out that leakage is frequently a sign of weak- 
ness ; a perversion of this idea leads to the assumption that a boiler is 
safe as long as it can be kept from leaking. Too many boiler explo- 
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sious have tMs history : The boiler, after long and satisfactory service, 
began to leak; a cheap man was employed to repair the boiler, the 
repairs consisting mainly of excessive caulking to stop the leaks ; soon 
after the repairs, perhaps the lirst time the boiler was fired up, it 
exploded violently. A fit conclusion of the history is to ascribe the 
explosion to some obscure cause or to carelessness of the attendant, if 
lie was killed by the explosion. 

Serious injury may be caused by overheating any part of the heat- 
ing surface, due to low water, to defective circulation, or to deposits of 
non-conducting substance on the plates or tubes. The overheated 
member, or plates, of the boiler may burst or collapse, and such failure 
may lead to an explosion of the boiler, but frequently the escape of steam 
and water will check the fire and relieve the pressure on the boiler. 
Liocal failures are dangerous to the boiler attendants, especially in a 
confined fire room, as on shipboard. Unless there is direct evidence of 
overheating, either from known circumstances before the explosion or 
from signs on the boiler after explosion, the cause of the failure should 
be sought elsewhere. 

If a boiler shows signs of low water or overheating, the fire should 
be checked and the steam j)ressure reduced by any effectual means. 
The most ready way of checking the fire is to close the ash-pit doors 
and to throw ashes, or even fuel, onto the fire ; if fuel is thrown on, 
the fire should be drawn or extinguished before the fuel becomes well 
ignited. The attempt to draw the fire without first deadening, as 
described, is liable to give a fierce combustion for a short time. If the 
furnace has a dumping grate, the fire may be thrown into the ash pit 
immediately. It is best to have the damper open, so that escaping 
steam may pass up the chimney instead of out into the fire room. 

The steam pressure may be relieved by opening the safety valve 
and turning on the feed water. Both of these methods have been 
objected to, but on unsufficient grounds. If the steam in a boiler has 
been raised to nearly the bursting pressure, then a sudden opening of 
a large safety valve may determine the explosion, as has been shown 
by experiment. This may cause some hesitation about opening the 
safety valve if the pressure on a boiler is excessive, but not if there is 
danger of failure from overheating. In case the safety valve is not open 
and can be opened, and if the boiler pressure is above the working 
pressure, it should be opened, for if the boiler is so near explosion that 
the opening of the safety valve will determine the explosion, there is 
usually no time even to run away. 

If the feed water is introduced in such a way that a large influx may 
give rise to local strains from contraction, then it may be dangerous to 
turn on the feed water to a boiler that is on the point of explosion. 
But this can hardly apply to low water or overheating, for then the 
danger is local, and if the feed water is directed immediately onto tha 
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overheated plates, it will reduce their temperature and relieve the 
danger. 

It has been found by exi)erinient that boiler flues that have been 
purix)sely allowed to become bare and overheated have been saved by 
suddenly directing a stream of cold feed water upon them, though such 
treatment may make them leak at the joints. The heat stored in such 
hot plates is insignificant as compared with the heat in the water and 
steam in the boiler. 

Though violent explosions of new boilers in good condition have 
occurred from excessive pressure, they are very rare and can occur only 
as the result of criminal negligence; the boiler will usually give evi- 
dence of distress long before it is in danger of explosion. In case o 
over pressure, the same methods for checking the fire and reducing th 
steam pressure may be used, as are recommended for low water an 
overheating; if the pressure is so high that an explosion is to 
expected, the chances of success are less and the risks are greater 
with low water. 



CHAPTER XI. 

BOILER ACCESSORIES. 

Safety Valves are intended to prevent the pressure of steam from 
rising to a dangerous point. In order to accomplish this, the effective 
opening of the valve should be sufficient to discharge all the steam 
that the boiler can make when urged to its full capacity. The effec- 
tive opening is equal to the circumference of the valve seat multiplied 
by the lift of the valve, if the valve seat is flat ; if the valve seat is 
conical, the lift should be measured at right angles to the seat. Then 
if Z is the vertical lift and if a is the angle which the seat makes with 
the vertical, the effective lift is 

I sin a. 

The lift of a safety valve rarely exceeds -^-^ of an inch. A two-inch 
pop safety valve made by the Crosby Gauge and Valve Co., was found 
by experiment to lift from 0.07 to 0.08 of an inch.^ The valve had a 
conical seat with an angle of 45°. The actual flow was about 95 per 
cent of the calculated flow for this valve. 

The amount of steam that a boiler can make may be estimated from 
the grate area, the rate of combustion, and the evaporation per pound 
of coal. The first item is fixed, and the other two, though somewhat 
indefinite, may be estimated from the type of boiler and the conditions 
under which it works. 

For example, a factory boiler having a grate 5 feet by 6 feet may be 
assumed to burn 18 pounds of coal per square foot of grate surface 
per hour, and to evaporate 8 pounds of water per pound of coal. It 
will therefore generate 

^-^- = 1.2 pounds of steam per second. 

60 X 60 ^ ^ 

Napier^s rule gives for the discharge of steam per second through 
an area of F square inches, and under the pressure of p pounds abso- 
lute, O-f'^' 

70 

1 Thesis by E. C. Burnham. 
119 



120 BTBAM BOILERS. 

Here the weight of Bteam to be dischai^ed per second is 1.2 pounds ; 
contieijuently the area required, if the pressure is 100 pounds absolute, 
is 

jp=i:^iL™-0.84 square inches. 

If the effective lift be assumed to be 0.07B of an inch, the circumference 
of the valve seat should be 

0.84 ^ 0.075 = 11.2 inches, 

and the diameter should be 3.5 inches. 

A commoQ rule requires that there shall be an area of .^ of a square 

inch through the valve seat for each square foot of grate surface. 




It so happens that this rule gives almost identically the same result 
as that just calculated for the above example ; thus : — 



^- 



= 10 square inches, 
^ ^^ = 3.5 + inches diameter. 



Lever Safety Valve. — The external appearance of a well-made, 

Jever-loaded safety valve ia shown by Fig. 66. The bearii^s at the 
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fulcrum and at the valve spindle are on knife edges to reduce friction; 

if pina ai^e used instead, they must fit loosely to ensure that they will 

not stick even if rusted. The fuli-rum is at the end of a small link to 

f avoid cramping the valve spindle. 

To calculate the weight to ho applied to the lever, take moments 
about the fulcrum F. Thus, if the weights of the valve and of t 
lever are W, and Wg if the area of the valve is A, and the preasnre of 
the steam above the atmosphere ia p, then 

pAt=WL+WJ+Ws, 

from which IVmay he readily calculated. 

Pop Safety Valve. — A defect of the common safety valve is that it 
does not close promptly when the steam pressure is reduced, and it ia 
apt to leak after it has returned to its seat. A number of pop safety 
valves, so called from the suddenness with which they open and cl 
I, in which 



prompt action is attained by caus- 
ing the steam to increase the lift^ 
ing force by reaction. The valve 
made by the Crosby Co. is shown 
by Fig. 67. C is the valve with 
a conical seat at D, and with a V- 
shaped lip shown at F. When the 
valve opens, the reaction of the 
steam against the V-shaped hp 
throws the valve wide open. The 
outer rim of the seat at F is per- 
forated by numerous vertical 
holes not shown in the cut, by 
which the steam thrown down 
from the lip may escape, thus 
reducing the reaction ; the ring G 
may be set to partially close these 
holes, and thus regulate the reac- 
tion and the rapidity of opening 
and closing. 

For close regulation, it ia desir- 
able that the seat of the valve 
should be made narrow ■ in order 
that the valve and its seat sh ill 
endure the pressure thus conren 
trated on a narrow f irface they 
must be made of hari bronze ir 
composition Nickel all ys aie 
sometimes uged for this purpose. 
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The spring is loaded with a helical spring, and the tension can be 
adjusted by the handle /, and set by the check nuts at M, 

A safety valve should be so ari'anged that it can be opened by the 
engineer or fireman at will, and at least once a day it should be lifted 
from its seat momentarily, to be sure it is in working condition. 

Safety valves are set to blow off at the desired pressure as com- 
pared with a steam gauge that is known to be correct. 

To avoid the annoyance of blowing steam into the fire room, the 
discharge from the safety valve is often piped out of doors. There 
should be a drip to prevent the accumulation of water in such an 
escape pipe ; in cold weather, if the fire is allowed to go out, the pipe 

may freeze up, should water be allowed to accumu- 
late, and then the valve may fail to act. 

Water Glass. — The level of water in a steam 
boiler may be shown by a water glass like Fig. ^, 
Valves at the top and bottom allow the steam to 
be shut off if the glass breaks or needs cleaning, 
and a pet-cock at the bottom allows the water to 
be blown out of it. The brass fittings are, from 
preference, screwed directly into the boiler plates. 
When that cannot be done, the water glass may be 
put on a water column like that shown by Fig. 69, 
having a free communication with the steam and 
water space. The same cut shows three gauge 
cocks, one at the water level, one above, and one 
below. The steam discharged from the cock lead- 
ing from the steam space is blue from superheat- 
ing due to throttling; the mixture of water and 
steam from the cock leading from the water space 
has a distinctive white color. The level of the 
water may, therefore, be determined approxi- 
mately by opening these gauge cocks. 

The bursting of a gauge glass is both trouble- 
some and dangerous. The device shown by Fig. 
70 is designed to automatically shut off the steam 
in case of breakage. A small ball in the conical 
bore of the fitting rests against a wireguard, as shown, and does not 
interfere with the flow of water or steam under the usual working 
conditions. Should the glass break, the ball is thrown against the 
orifice by the rush of the water or steam, and is held there by the 
steam pressure. A pin on the end of the valve spindle throws 
the ball off when the valve is closed by hand. 




Fig. 68. 
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Bteam Oange*. — The pressure of the ateam ia indicated by a spring 
gauge shown by Figs. 71 and 72. The essential part of the gauge is a 
flattened brass tube, bent to the arc of a circle. Pressure inside of the 
tube bulges out the flattened sides, and consecLuently the curvature of 




the tube decreases ; the tendency ia for the tube to become round and 
to straighten out. One end of the tube ia fastened, and the other is 
connected by a multiplying device, to a needle that moves over a gradu- 
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ated diaL The dial is graduated by trial to agree with the readings of 
a merOTiry column, or else with the readings of a standard gauge. 

The long, flexible spring tube is liable to vibrate to an undue extent 
when the gauge is exposed to tlie jarring of a locomotive. To avoid 
this difiienlty, two short atiffer tubes have their ends connected to a 
more effective multiplying device shown by Fig. 73. The greater num- 
ber of joints in this device makes it less sensitive than the other form. 

Since the spring tube changes its shape if the temperature changes, 
hot steam should not be allowed to enter it. An inverted syphon or U 
tube filled with water is, therefore, interposed between the gauge and 
the steam from the boiler. 

Safety Fln^, su«h as shown by Pig. 74, are made of brass and pro- 
vided with a core of fusible metal. If the plate into which they are 




i is in danger of overheating, the fusible metal will melt and r 
oa% and steam and water will blow into the furnace. If the fire is not 
put (rat, it will at least be checked and the attention of the fireman 
will be attracted. 

The melting point of fusible metals is not always certain, and the 
plugs not infreqnently blow out when thei'e is not apparent cause. On 
the other hand, they sometimes fail to act when the plate is overheated. 
If the plug is covered with incmstation, the fusible metal may run out 
without giving warning. 

Low Water Alarm. — The device shown by Fig. 75 consists of two 
tubes in communication with the steam and water space of a boiler. 



BTEAAl UOILEKS. 



It is set at the water line, so that the upper tuhe is filled with steam, 
and has the correspomliiig tenipe rati ire, while the lower tuhe is filled 
with water, whiL-h on aciioiuit of the la^^k of circulation hecoiiies cooled 




by radiation. Should the water line fall so that Bteam enters the 
lower tube, the expansion of that tuhe opens the valve of a steam 
whistle. 

Bednoing; Valve. — When steam is desired at a less pressure than 
that of the boiler, it is passed through a reducing valve like that shown 
by Fig. 7(J. The valve D is held open by the spring at MM, until tlie 
steam pressure in the exit pipe B, press- 
ing on the diaphragm KK, is able to 
overcome the spring and close the valve. 
The pressure at which this may occur 
is determined by the tension of the 
spring, which may be regulated by the 
screw under the head N. The hand 
wheel R allows the valve to be closed 
by hand. It is e.Kpected that the valve 
will he drawn down so as to admit just 
the proper amount of steam to the exit 
pipe B, to maintain the desired pressure 
in it. Valves for this purpose are 
liable to work intermittently, i.e. they 
ulose till the pressure falls below the 
piBper point, then they open and raise 
the steam pressure aliove that point. 
The valve is a species of throttling 
valve, and therefore cannot be expected 
to remain tight. If the machinery sup- 
plied by the reducing valve is liable to 
be injured should the steam reach boiler pressure, there must be a stop 
valve beyond the reducing valve which must l>e closed when no steam 
is drawn, and jnust be used to regulate the supply of steam until the 
amount drawn exceeds the leakage of the reducing valve. 

The Damper Regulator shown by Fig. 77 places the damper iuthe flue 
leading to the chimuey under the control of the steam pressure, so that 
(f^Ae pressure of the steam falls, the damper is opened wider to quicken 
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the fire. The pressure of the ateani in the boiler is communicated 
[ throygli the pipe a to the lower surface of a diaphragm, ami lifts the 
I loaded lerer b, which stands half way between the stops at the middle of 
igth, when the steam pressure ia at the proper point. Should tlu) 
t steam pressure rise above the proper |>oiiit, it i-.iiaes the lever and opens 




t small pistou valve at c, and water from a hydrant ncraw 
esses on a piston which lifts the weights at 
tr. The weighted head e of the piston is c 
1 lever d, and closes the valve c as it riaes, 
Rlter from the hydrant. 

A regulator of the same form attached to a, Uw(«dw talr« 
i a reducing valve, and regulates the presouK W*»» •** 
a variation of less than one pound. Fig. 7* 
i used wheu the Locke regulator acts aii 3 
i is a double valve which is nearly 



kMUoff tltf* 



i»Jr^, 
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tendemsj- to rise under steam pressure, as the lower valve is the 
larger. The cylindrical jMirt of the valve is out into V notches, so that 
the supply of steam is regulated to a uicety 
when the valve is partially ojien. The cylin- 
drical portion of the valve protects the valve 
seat anil thy viilve face so that the valve may 
remain tii,'ht when closed. 

Bteam Traps are intended to drain water 

from steam pipes without allowing the steam to 

escape. Fig. 79 represents a trap with a float 

which rises as the water aecuniulates and opens 

the outr-flow valve at the left, so that the water 

'"' ' ' may flow out under the pressure of the 

steam ; Imt tlie float falls as tJie trap is emptied, and closes the out-flow 

valve before it is exposed to the steam, which, therefore, cannot escape. 





Expansion traps are convenient to free pipes from water that may 
accumulate while the pipe is cold. The essential part is a long rod 
that contracts when cold, opens a valve, and allows the cold water to 
flow out i but when the pipe is again filled with hot steam, this follows 
the cold water thi-ough the trap, expands the rod, and closes the valve 



Globe Valves are named from the globular form of their cases. The 
case is separated into two parts by a diaphragm with a passage through 
its horizontal part, as shown in Pig. 80. The fluid enters at the right, 
passes under the valve, and out at the left. The valve is shut by 
screwing down the handle on the valve spindle. A stuffing b<»x around 
the valve spindle prevents leakage of fluid. In this valve tlie seat is 
rounded, and the valve face is a ring of a peculiar composition, let into 
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tie valve at li. When the valve is shut, this composition is squeezed 
dovrn onto the seat and inaltes a tight joint. 

If the fluid enters the valve as shown, the valve spindle may readily 
be packed to prevent leakage, while the valve is closed. If the fluid 
entered the valve at the 

otiier end, it would be _ 

necessary to shut off the 
lliid. from the entire pipe 
in order to jiax^k the valve. 
Gate Valves give 
a c lear. direct passage 

tlirough the valve when 

opem. Figs, 81 and 82 

sho-w a gate valve which 

is opened by a lever; the 

levetr, however, is not 

fihoT^Ti in the cuts. 

Check Valves allow 

th^ passage of the fluid 

in one direction only, as 

sho-wn by Tig. 83. A 

cl».^^^.b ^alve is ahvaja 

plu-ced between the Ixtiler 

aaO, a feed pump so that 

th.^ water from the boiler | 

caaiuot flow out through 

'^^ pump when the pump 

'^ at rest, e\en though 

tile pump \ahes ma\ 

■ea-lt Asto!>\al\eBhrtuld 

"^ placed between the 

"C»i]eraiid theiheik \al\e 

^** order that the litter 

ina.y be e-<tamined tthen '''<'""■ 

■tUe boiler la \^OIkIng 

Feed-Water Heaters — The feed water sujtjihed to a boiler may bo 

Heated up to the temperature of the exhmst steam by passing it 
throiiijh a feed water heater Feed-water heateis are sometimes made 
open, ( e the steam from the engine mingles with and heats the feed 
''^^ter Such i heater arranged for throwing down carbonate of lime 
mrtx water is shown bj Fig 2.'>, page 39 Such heaters have the diaad- 
■^antage thit the oil from the engine is carried into the boiler. 

-A^ closed feed water heater resembles a surface condenser, and as 
""" Steam and water do not mingle, there la no danger of carrying 
""^ f xom the engine into the boiler The Waiivwiight b.e'itftt, at*™^ 
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V J^'ig- 84, has the heating surface of oornigated copper or braaa tubes, 
^t iheir peculiar make, to allow for expansion. The steam from the 
^og-izie passes around the tubes and the feed water passes through 
*iie tubes. 

Tile Berryman feed-watev heater, shown by Fig. 86, is arranged to 




oave the exhaust steaui pass througli 
tound which the feed water circulates. 

Live steam feed-watei' heaters take steam from the boiler to raise 
the tempei-ature of the feed water up to, or nearly to, the temperature 
'n the boiler. The principal advantf^ appears to be that unequal con- 
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traction, due to the introduction of cold feed water, is avoided. It ia 
(■Iiiiiiied tliat for some forms of boilers a better circulation is obtains I 
iiy aid nf siicli a heater. 

Feed Pipes. — The temiwrature of the feed water is usually much 
below the temfjerature in the boiler. It thus becomes essential to so 
locate the inlet, and to so distribute the water, that undue local con- 
tractions may not occur; this is of special importance when the sup- 
ply is intermittent. The feed pi]>c for 
the cylindrical tubular boiler, shown by 
Plate I., enters the shell near the water 
line, through a branched and perforated 
pipe. 

Fig. 86 shows a device for mingling 
the feed water with the steam in the 
steam space of a boiler, so that it may 
be heated befoi* it can come in contact 
with the tubes or other parts of the 
boiler. 

The feed pipe is sometimes carried 
through the steam space as shown by 
Fig. 8", in which the feed-water pipe 
passes twice through the length of the 
boiler before it enters the mud drum, 
where the suspended impurities and the 
lime salts thrown down by heat are ex- 
pected to be de]}osited. There are evi- 
dent objections to placing the feed pijje 
in an inaccessible place, which become 
enhanced if the pipe is liable to be 
choked with deposits. In this example 
the pipe was in one of four two-flue boil- 
ers shown by Fig. 88, which was Joined 
to a mud drum at the back end and to a 
steam drum at the front end ; and diffi- 
culty arose from unequal expansion and 
corrosion in the mud drum near the end ' 
of the feed jupe. 

Feed Pumps. — Boilers are commonly . 
fed by small direct-acting steam pumps 
placed in the boiler room. The steam 
consumption per horsepower per hour of 
such pumps is very large, and yet the total steam used ig insignificant. 
They are cheap and effective, and easily regulated. 

Power pumps driven from a large engine are more economical, 
provided their speed can be regulated; they not unfrequently are 
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arranged to pump a larger quantity than required for feeding the 
boiler, the excess being allowed to flow back to the suction side of the 
pump through a relief valve. 

When one pump supplies several boilers, a series of difficulties are 

liable to arise. First, if the boilers are fed singly in rotation, the 

large intermittent supply of feed water is likely to give rise to local 

contraction, and the water level in the boiler fluctuates; there is 

liability that the water level will fall too low, endangering the heating 

surface, or there may be excessive priming when the water level is 

iigh. It appears advisable that the feed should be delivered to all 

tie boilers simultaneously, the supply to each boiler being regulated 

^y the stop valve ; each branch pipe to a particular boiler should be 

provided with its own check valve, and the water level and rate of 

fteding of each boiler must be carefully watched by the fireman, or, 

oetter, by a water tender, if there are many boilers. 
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Fia. 86. 
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An injector is conveniently used for feeding a boiler if the feed 
water is not too hot ; it has the Incidental advantage that it heats the 
water as it feeds it into the boiler. An injector should be connected 
np with unions, so that it may readily be taken down for inspection. 



M. 





At sea an injector ia commonly used when the boilers are fed from 
the sea or from a supply tank. 

Blow-off Pipe. — The blow-off pipe draws from the lowest part of 
the boiler, or from some place where sediment may be expected to 
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collect. It usually has a cock and not a yalve, since leakage through 
EL cock is likely to be noticed at the eada of the coue tbrough which 
the passage is carried. The pipe should be carried beyond the cock, 
BO that the attendant is not liable to be splashed with hot water, but 
the pipe should end iu the boiler room or where discharge through 
the jiipe on account of a leaky cock or Vi\lve luay be sure to attract 
attention. Each individual boiler should liave its own blow-off pipe. 
Figure 89 shows a blow-off pipe with a removable covering to faciUtjite 
the discovery of leaks. 




I 
{ 



SIDE ELEVATI 



F^ing to carry steam from a boiler to an engine, for heating I 
sldiags and for other purposes, is too important to be considered 
ft a near accessory to the boiler. A few remarks may not be out of "j 
1, however. 

The expansion of the pipe due to changes of temperature should i 
Pie provided for, or else cracks in the pipe or fittings, or leakage at the j 
tjoints may be expected. An example of a failure to attend to this 
K'Xna.tter is shown by Fig. 90, and Fig. 91 shows how the difficulty may 
be avoided by giving the pipe a chance to spring. AB is the steam J 
e on the boiler, and D is the steam main. There is a stop valve ] 
li&t C which makes it easy to shut down the boiler when d 
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^ X^pes are liable to fill up Ti'ith water when not in use, thej ouglit 

^" provided with drips through which the water may be blown out; 
m scaci^ ggggg an expansion trap may be used to advantage. 

H.orizontal pipes are frequently arranged so that water may collect 
*M>-em, due to a sag in the pipe or to the fact tliat they do not prop- 
"? drain through a side branch, as shown by Fig. 92. Though the 
'^r may lie quiet in such a pocket while tlie draught of steam is 
^^y, a sudden increase in the velocity of the steain, or a rapid 
*^*ii^ of the valve supplying steam to the pipe, will sweep the 




"Vvater up and carry it along with the steam. The danger from the 
inrush of water to an engine is readily seen, but it is not bo well 
Vnown that the water thus violently thrown against elbows and other 
Sittings gives rise to leaks, if it does not bvirst the fittings. It is to 
loe remembered that steain offers little or no resistance to the move- 
ment of water in a pipe, as it is readily condensed either from a slight 
increase of pressure or by mingling with colder water. Again, water 
at the temperature correspomling with the pressure easily separates, 
forming bubbles of steam, which as easily collapse, and the shock of 
impact of the water gives rise to pressures that search out all weak 
places in the pipe, even at some distance. Figure 93 is a method 
suggested by the Hartford Boiler Insurance Company to ensure the 
drainage of a steam main by a branch pipe. They also surest that 
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fittingB of cast iron be eimilarty made. Uf courae the same object 
may be accomplishi-il by drawiug steam fruin the bottom of the maiu 
pipe. 

Pipe Hangers. — Large pijics are commonly hung from overhead 
beams, aa shown by Fig. 'J4 ; the dotted lines show how the pipe 
may be distorted if proper allowance for expansion is not made. 

A device for a pii>e liatiger, with a roller to provide for a large 
amount of exitansion, is shown by Fig. 95. 
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CHAPTER XII. 



SHOP PRACTICE. 



Modern boiler shops have the tools so arranged that the material 
starting from the bench of the layer out travels forward, from machine 
to machine, until it reaches the riveter. It is advisable to have a sepa- 
late swing crane over each machine; the cranes overlapping so that 
one crane takes the work from the next, and so on. The layer out 
should have his bench near the place where new plates are unloaded 
into the shop from teams. Near the riveter there should be a vacant 
space to allow of bolting the plates together preparatory to riveting, and 
beyond the riveter there should be considerable space in which to locate 
boilers while the tubes, stay rods, etc., are being put in. 

A few machine tools are needed to do the necessary machine work 
on cast-iron fittings such as steam nozzles, manhole rings, covers, etc. 

Por a shop employing from 40 to 60 hands, two planers, three 
lathes, and three upright drills would be sufficient. Flanging and 
blacksmith work are generally done in a separate room. A pattern 
shop and a storeroom for patterns of grates, fronts, fittings, etc., is 
generally located in the second story. 

Flanging. — Boiler shops which build regular sizes of horizontal 
boilers generally buy their boiler heads all flanged, but shops which do 
general work often have to make irregular sizes and shapes, and in such 
cases do their own flanging. The heads wliich are sold ready made are 
pressed into a former by means of a die, worked by a hydraulic press. 
As the whole head is heated, there are no strains set up by this method 
of flanging. When flanging is done in the shop, it is usually done by 
bending small portions of the circumference at a time over an anvil of 
cast iron. 

This anvil or former, as it is called, is simply a block of cast iron 
about six inches deep, flat on top, with one side rounded at about the 
same radius as the boiler head. The corners are rounded so as not to 
cut the plate. The former is placed near a low forge used for this work. 

In flanging, the plate is first marked at short distances on the inner 
circle of the bend with a prick punch. A portion of the plate is then 
heated to a good heat, removed from the fire, the coke being brushed 
off with a broom, and taken to the former. After adjusting so that 
the depth of flange required overhangs the right distance from the edge 
of the former, the heated portion of the plate is beaten down against 
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the side of tlie former by wooden laauls and then smoothed ^th a 
flatter and sle<^. The plate is then heated in a new place and another 
]K)i'tiun bent. To straighten the head ajid also to remove the strains 
set up by this way of flang- 
' I ~~^ ii^, it should be heated to a 

dull red and allowed to cool 

, — - gradually. 

f 11 /■ • ' For convenience in han- 

\ / dling plates these tools are 

^ ^ F„. a,.-L.™o !>,».. -""l. K8». 96, 97. 

After flanging, holes for 
livcta, stay rivets, and tubes are marked and the rivet holes punched. 
To punch on the flange, a horizontal punch similar to Fig. 99 is used. 

The punch shown in Fig. 99 will punch a 2" hole in a 1" plate. 
The depth of throat is CO ", and the distance from centre of punch 
to edge of frame is 2y. It is 
started and stopped by a treadle, 
and the plunger, which is of 
wrought iron, is operated by a 
cam and lever with a positive re- 
turn motion. An automatic stop 
is provided, by which the return 
movement of the plunger may be 
arrested at any point of its stroke. 

The stripper is adjustable to any ' . 

.. . , c 1 , ".v V Fia. ST. — Crane Liftb. 

thickness ot plate. Ihe punches 

are held in position by a threaded cap of wrought iron, which also affords 
an adjustment for wear of the punches, as shown by Fig, 98. 

Holes for the tubes are drilled under an upright drill made espe- 

lalK I i ihn u \ lull lipel \\U 1 1 j. 100 is used, the centre 

luiining in small holes previ- 

r us] / made, which serve to 

t.m 1b the drill. 

Tube holes are often 
J uiithed out by what is called 
1 <•! iral punch, Fig. 101. The 
1 ting face of the punch is 
n. il'y a helical surface which 
a,t„ like the knife of a shears. 
The holesare afterward reamed 
out. 

Lastly, the head is rotated 
by the platen of a boring mill, and the edge cut and bevelled for caulk- 
ing. Plate VI, shows an 84" boring and turning machine such as is 
aaed for this purpose. 
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The first, and one of the most important steps in the work on the 
shell, is the marking out of the sheets. Generally one man in each 
shop does all the laying out. After squaring the sheet, he marks off 
the length and locates the rivet holes by means of gauges. These 
gauges have to be made by trial, a suitable allowance being made in 
them on account of the thickness of the plate for the change in length 
due to rolling. There is a gauge for each course, or a set of gauges for 
each size boiler, and also sets for the same size, but with different 
thickness of shell. The plates are marked either with a piece of 
soapstone or with a slate pencil, liivet holes are prick punched at 
the centre. 

The plate is now taken up from the bench by a crane, and con- 
veyed to the shears, where any superfluous stock is removed. 






Lr 



^ 



J 




Fig. 100. 



Fig. 101. 



Figure 102 shows a shearing machine with crane attached. The 
lower knife of the shear is fixed. The upper knife is forced down by 
an eccentric inside of the head 3. 

The eccentric shaft is coupled to the gear by means of a clutch 
thrown into a3tion by the treadle. The weight of the sliding head is 
counterbalanced by a weight and lever at the top. The throat is 48" 
deep ; or, in other words, a cut can be made 48" from the edge of the 
plate. 

When shearing, bar-iron bolts are put through lugs on the side of 
the casting, so as to avoid straining the frame at the back of the 
throat. In both punches and shenrs, heavy fly wheels or balance wheels 
have to be depended upon to do a large part of the work. The energy 
stored in them during the up stroke is given out on the down or 
working stroke. 

A heavy shearing machine driven by a separate engine is shown by 
Plate VIL It has a 36" throat and can shear up to li" plate*. 
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After leaving the shears the plate is moved to the punch, Plate 
VIII,, where tlie rivet holes are punched, aad also any la^e holes such 
as the openini^s for manhole rings or steam nozzles. 

These liules are eut out by punching a series of small holes along 
the edge of tlie larger holes. To aid the workiaan in linding the 
punch marks at the rivet holes, there is a feeler or tit 
on the bottom side of the punch which fits into the 
prick-puuch marks when the plate is in the right place 
(Fig. li«). 

The plate is next taken to the plate planer (Figs. 104, 

105, 106), and planed to a slight angle so as to give a 

good caulking edge. The plate is fastened in the planer 

by screws running down through the frame, or by jacks. 

The tool is made double so as to cut on both strokes, 

and is moved forward and back by means of a screw 

driven alternately by an open and a crossed belt. The 

tool is fed in by means of a screw and wheel ou the tool 

carriage. The plate is now heated and scarfed, or drawn down like 

a wedge, so that a tight joint can be made in the roundabout seam 

where the three thicknesses come together. 

It is next rolled to the required shajie or bent into a circle by 
being drawn back and forth between three rolls, the top one of which 
is forced downward by screws, as the ra^lius of the bend becomes 
smaller. The plate IB bent cold, and is of course passed lengthwise 
through the rolls. 

The rolls, which are driven through gears by open and crossed 
belts, are reversed before the plate runs out. As the bottom or fixed 
rolls are some little distance apart, there is a short distance at each 
end of the plate which is not bent by the rolls. This is generally lent 
by sledges, but in some rolls there Is a separate attachment on the 
end of the roll bousing, by means of which the ends of the plate are 
bent before passing through the long rolls. 

This attachment consists of two short rolls about 15" long, one 
being concave and the other convex. The ends of the plate are fed 
through sideways, or at right angles to the direction in which it is 
afterward passed through the long rolls. 

The rolls have to be as long as the greatest width of plate used. 
Oftentimes the top roll is counterbalanced so that it niay be easily 
raised out of the way to enable a plate to be inserted or to be removed 
after bending. 

Figure 107 shows a common form of horizontal roll. The two lower 
rolls are driven in either direction by heavy pinions keyed to the rolls 
outside the housing. The ends of the top roll can be drawn down either 
together or separately. The upper roll is extended, and by means of a 
screw and lever the left-hand end of the roll can be raised, the roll 
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pivoting in a movable bearing in the right-hand housing, thus allowing 
a finished ring of plate to be removed. 

Plate IX. gives an illustration of a vertical roll now coming into use. 

The movable roll is counterbalanced and is raised clear of the hous- 
ing when a finished plate is to be removed. 

The other plates of the boiler having been treated in the manner 
described, the different courses are now ready to be bolted together 
preparatory for drilling and riveting. But few boilers are made to-day 
with punched holes g-lone, the common practice being to first punch a 
hole about \ inch small, and then to drill out the rest of the hole after 
the plates are together ; this ensures that the holes are in line, and also 
removes the iron around the edge of the punched hole which was 
hardened by punching. A punched hole is always larger at the bottom 
than at the top, on account of the clearance in the die, so when punched 
holes alone are used, the plates should be put together so that the larger 
diameters shall be next the rivet heads. The rivet in cooling tends to 
draw the plates together. 

The back head is now put in its course with the flange in, and bolted 
with six or eight bolts through the punched holes. It is then hoisted 
up, by means of a crane, to a drill on top of the riveter. Holes are now 
drilled out at different parts of the circumference, and stay rivets driven. 

The bolts are now taken out, as the stay rivets hold the plates 
together, and the remaining holes drilled out and riveted. 

The next course is now put on, bolted in a few places, and then 
treated in a similar manner. 

The reason for putting in a few rivets in different parts and then 
filling in, rather than taking the holes in order, is that, in the first case, 
any error in the spacing of the two courses is divided among all the 
rivets, while in the second case it would all come one way. 

The remaining courses are piit on in the same way, the front head 
having the flange facing outward. This enables all the seam riveting 
to be done by the machine riveter. 

As the work progresses, the boiler is hoisted up on end by means of 
a crane under control of the operator of the riveter. 

The greatest width of plate that can be riveted depends upon what 
is called the gap, or reach, of the riveter, or the height of the post 
against which the head of a rivet rests while being driven. 

Rivets for the riveter are heated in a small forge near by, and are 
thrown to a man who stands underneath and inside the boiler. This 
workman picks up the rivets with long tongs, and passes them through 
the holes from the inside. 

The holes for rivets are drilled about ^ inch larger than the rivet. 
As the rivets are driven under a pressure of from 20 to 70 tons, accord- 
ing to the thickness of plate and size of rivet, they fill the holes and 
also exert considerable shrink grip to draw the plates together. 
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The large riveters now in use may be classed as follows : — 

(1) Cam and toggle; (3) A combination of (1) and (2) ; 

(2) Hydraulic ; (4) Steam riveters. 

(1) The cam and toggle riveter consists of a toggle closed by a cam 
driven by a belt and gearing. There is a wedge behind the heading 
tool adjusted by a screw so as to compensate for laps and different 
thickness of metal, thus regulating the pressure on the rivet. 

(2) The hydraulic riveter, in one form or another, is in most general 
use to-day. With it a constant pressure can be maintained on rivets in 
any thickness of plate. Many have a hydraulic closing device which 
presses the plates together and holds them under pressure while the 
rivet is being driven, but, as a general rule, workmen do not stop to use 
it. This type of riveter requires an accumulator or the equivalent 
of one. 

Commonly a large steam pump delivers water into the lower end of 
a vertical cylinder raising a plunger weighted with pig iron. The 
supply for the hydraulic cylinder of the riveter is taken from this 
accumulator at a constant pressure. 

(3) The third type of riveter consists of a toggle closed by a cam 
driven by a belt through a train of gears, and of a hydraulic cylinder 
on the riveter, and an accumulator located in any convenient place. 
One end of this toggle presses on the rivet, while the other bears 
against a plunger fitting in the hydraulic cylinder which is fastened to 
the frame of the riveter. The back end of this cylinder is connected 
by a pipe with the accumulator, which is vertical, and has a plunger 
loaded with suitable weights. Suppose that the vertical cylinder is 
weighted so that the pressure on the horizontal plunger is 30 tons, 
^ow, as the cam closes the toggle, the back or plunger end will remain 
still until the pressure on the rivet is 30 tons, then the front end will 
become fixed, and the back end will push the plunger into the cylinder, 
driving water back into the accumulator and raising the accumulator 
weights. The cylinder may be very short, as there is only a slight 
motion to allow for. There is no loss of water except by leakage. 
The pressure on the rivet is constant, no matter what is the thickness 
of the plate, but it can be varied in amount by changing the weights 
on the accumulator. 

(4) The fourth type, the steam riveter, is now not in general use, 
except in very small machines and in portable riveters. 

Figure 108 illustrates a 96" hydraulic riveting machine. It can be 
made to exert a pressure on the rivet up to 150 tons, the pressure 
of course depending upon the weights on the accumulator. 

The cylinder and ram are both of steel and have flat upper surfaces, 
allowing flanged plates of any dimensions to be riveted in any poaitiotL. 
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The riveting ram being of rectangular section, permits the use of oif set 
dies without fear of the raui rotating. The stroke is adjustable in 
length and is operated by a single movement of a hand lever. A plate- 
closing device, operated by a second lever, is sometimes attached. 

Figure 109 shows an accumulator with 10" ram 15' stroke, such as 
is used with hydraulic riveters. 

The outer casing of boiler plate serves merely to hold pieces of 
scrap iron used as weights. It is guided by the I beams, as shown. 
The plunger is fixed to the bottom frame, and fits into a chamber 
inside of the wrought-iron tank for holding the weights. As water is 
pumped in, the chamber, tank, and weights lift, the plunger remaining 
fixed. A packing box on the bottom of the chamber prevents water 
from leaking out around the plunger. 

Water for the riveter is taken through a small hole running down 
through the centre of the plunger and out at the bottom, as shown. 
Water coming from the pump is also delivered through the plunger 
into the chamber. The speed of the pump is controlled automatically 
by the height of the accumulator. 

Plate X. gives an illustration of a 90" steam riveter with 43" 
steam cylinder. The piston rod is made of steel, and is so arranged 
that it will not turn, so that riveting may be done with offset dies 
when required. It can be used to drive rivets with pressure or with 
a blow, as may be preferred. The steam valve is perfectly balanced, 
so that it works easily. The steam used for driving the rivet also 
returns the piston before escaping. 

A 75 ton portable hydraulic riveter 12" gap, such as is often used 
on bridge work and occasionally on boiler work, is shown by Fig. 110. 

Steam nozzles, manhole rings, brackets, reinforce plates, and in 
some cases part of the staying, are often riveted on by the machine. 
When completed at the riveter, the boiler is lowered to a horizontal 
position and placed on roller chairs. 

The stay rods are now put in, and any small jobs, such as tapping 
for gauge cocks, feed, and blow-off pipes, are done. 

The tubes are now put in and fixed at one end, generally the end 
hardest to get at, and the other end is cut off to the right length by a 
tube cutter. The tubes project from the heads a slight distance, so as 
to allow of beading over. They are expanded so as to be steam tight 
by means of a tube expander, the ones in most general use being the 
Prosser and the Dudgeon. 

The Prosser expander is made up of a number of segments held in 
place by an encompassing spring. The outside of these segments is 
shaped to such forms as it is desired to have the tube set to. The 
insides of them are made to fit a tapered mandrel which is driven in 
with a hammer. This tool requires frequent loosening and shifting 
around on account of the spaces left between the segments. 



156 STEAM BOILERS. 

The Dudgeon expander does first-class work. It consists of a serie^a 
of small rolls of proper shai)e for forming the tube, forced out by ^^ 
tapered mandrel which is kept turning while being driven in, thu_ ^ 
spreading the tube. 

After expanding, the tubes are generally beaded over. The tub^ : 
serve to tie the lower part of the heads together, so that it is ncr^-i 
necessary to stay them at that jxjint. 

The boiler is now ready for caulking. This consists in driving tti^ 
lower portion of the planed edge of the upper plate against the lowei-^ 
plate, so as to make a water-tight joint. Formerly this work was 
done with a hammer and caulking tool, but at present it is done by 
what is called a pneumatic caulker. It is similar in principle to a rock 
drill. It is connected by a flexible tube with an air compressor, supply- 
ing the air needed to run it at a pressure of 60 or 80 pounds. 

The whole tool is about 2 J" diameter and 15" long. It is held by 
a workman who presses it slowly along the seam, the piston carrying 
the caulking tool making aHjout 1500 working strokes, ^^" long, per 
minute. With this tool one man can do as much work as can four 
working by the old method. 

The boiler is now ready for testing and inspection. To do this the 
openings are closed, and the boiler filled with water, a small air vent 
being left in the highest point, until all the air is expelled. Water is 
now pumped in until the pressure is one and a half times the working 
pressure. The sheets are now examined, to see if there are any flaws 
or bad leaks. Small leaks are of no consequence, as they soon till with 
rust. 

If examined and passed by a boiler insurance inspector, he stamps 
certain letters over the tire door. This inspection should be made 
before the boiler is painted. 
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BOILER TESTING. 



In testing a boiler for its evaporative efficiency, it is necessary to 
know the following : — 

1. Number of pounds of water pumped into the boiler during the 

test. 

2. Number of pounds of coal burned during the test, and the weight 
of ash left. 

3. Temperature of the feed water entering the boiler. 

4. Pressure of the steam. 

5. Condition of the steam as to moisture. 

Water. — The only sure way to measure the water going into the 

boiler is by direct weighing of the feed water. This can best be done 

by arranging the suction pipe of the feed pump or inje(;tor so that 

it draws from some sort of a reservoir near the place where the 

weighing is to be done. 

The weighing barrels should rest on scales placed above this reser- 
voir, and should have quick-opening lever valves discharging into it. 

Water should be furnished to the weighing barrels either from the 
city main or by a separate pump. If a pump is used, there should be 
a by- pass of \" pipe connecting the suction and delivery sides of the 
pump, so that it may run although the valves leading to the barrels 
are shut. 

At the instant of starting the test, the level of the water in the 
reservoir should be marked, and at the end of the test should be 
brought to the same level. A good way to mark this level is to fasten 
to the reservoir a piece of wire bent in the form of a hook, the point 
of the hook projecting just above the surface of the water. 

At the starting time the level of the water in the boiler should be 
marked on the gauge glass. This can be done by tying a fine string 
around the glass, or better, by fastening a wooden scale to one of the 
gauge rods. 

All returns leading to the boiler must be disconnected so that noth- 
ing can enter the boiler except through the weighing barrels. As 
much steam as wanted can be taken from the boiler, but no wate" 
should be taken from it. 
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Coal and Ash. — As it is imix)ssible to estimate exactly the amount 
of coal on the grate, it is necessary, esi)ecially in a test 10 to 12 hours 
long, to start with a dean grate and ash pit. 

A few minutes before starting the test, the lire is drawn and the ash 
pit cleaned, then, at the instant of starting the test, a known weight of 
wood is fired, and soon after this, coal previously weighed. Each 
pound of wood is equivalent to 0.4 of a pound of coal. 

All the coal fired during the test is weighed, the record being kept 
so that the amount fired up to any time can be told approximately. 

At the end of the test any coal not fired is weighed back. The fire 
is drawn and the coal sorted over, the good coal being weighed back ; 
the remainder going in with the ashes which are drawn from the ash 
pit, and also weighed. 

It is sometimes imix)ssible to draw the fires from large boilers. In 
such cases the condition and thickness of the fire at starting is noted, 
and at stopping the fire is brought to the same conditions. When fires 
are not drawn, the test should be at least 24 hours long, preferably 
longer. 

Temperature of Feed Water. — This should be taken close to the 
check valve at the boiler, and after passing through steam feed-water 
heaters, if any are used. 

While feeding, the temperature should be taken every ^ve minutes. 
The thermometer should be placed in a thermometer cup, filled with 
oil, screwed into a fitting on the feed pipe, or into the pipe itself. 

Pressure of the Steam. — This should be taken every 15 minutes 
throughout the test. It should be the same at the end of the test as 
at the beginning, and should not vary much throughout the test. 

The steam gauge should be tested, and corrections made for the 
error of the gauge and for the water column, if there is any. 

The barometer should be read every hour. To reduce the barometer, 
reading in inches, to pounds, multiply by 0.491. 

Priming. — The quality of the steam should be determined at fre- 
quent intervals by means of a calorimeter. 

Unless the steam is very badly primed, the throttling calorimeter 
can be used. 

Steam for the calorimeter should be taken from the top or the side 
of the main pipe near the boiler. The nipple entering the main pipe 
should have a long thread cut on it, so that it will project some dis- 
tance into the pipe. 

Boilers which are worked beyond their capacity are apt to give a 
large per cent of priming. 

Precautions. — To be certain that the brickwork, grate, etc., are hot, 
and that the boiler has not been drawing heat from them, the fire 
drawn from the grate at the beginning of the test should be hot enough 
to generate steam. 
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The fire drawn at the end of the test should also be able to make 
steam. Apparently high but erroneous evaporations are sometimes 
obtained by partially shutting the steam valves on the boiler before 
the end of the test and allowing the lire to burn down ; by so doing, 
the fire can be burned entirely out, enough heat coming from the 
walls and grate to keep up the pressure. 

When steam is drawn rapidly from a boiler, the water level appears 
to rise ; this has to be looked out for at the beginning and end of the 
test. 

In connection with the tests made by the seniors on the boilers of 
the Institute samples of flue gas, pyrometer readings and draught 
pressures are taken both from the stack and from different parts of 
the setting, and the amount of air entering the ash-pit doors is 
calculated. 

Flue Gases. — The gas samples are drawn from the chimney and 
setting by means of water pumps. The samples are analyzed in the 
Orsat apparatus, which gives the number of volumes of CO2, 0, and CO 
in 100. 

Draught pressures are taken by means of the draught gauge shown 
in Fig. 111. It consists of two pieces of 4" brass pipes of the same 
internal diameter, connected at 
the bottom by a 1" pipe. 

One of these 4" pipes is sealed 
at the top, a ^" pipe with valve 
serving to connect with the boiler 
setting. 

The other pipe, which is open, 
has a hook gauge reading to .001 
of an inch running down into it. 
The two pipes are filled about 
half full of water; the +" pipe 
being open to the air, the level 
will stand the same in each. The 
point of the hook gauge is brought 
to the surface of the water and 
a reading taken. The -^" pipe is 
now connected with the setting. 
The level ia the open leg will 
drop. Twice the difference between this reading and the former 
reading will give in inches of water the difference of pressure. 

The pipe leading through the setting should be at right angles to 
the direction of the current. 

Pyrometer. — The pyrometer used in the tests made at the Institute 
consists of two wires, one of platinum and the other of platinum 
alloyed with 10 per cent of rodium, joined at one end, all but about 




Fig. 111. 
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4" of the wires being incased in fire clay inside of an iron pipe about 
4 feet long. From these wires two other wires lead to a galvanometer 
placed in another room. 

A ray of light is thrown from a lamp onto a mirror on the galva- 
nometer needle and reflected back onto a scale graduated arbitrarily. 

The scale is moved in or out until the ray of light is on the zero of 
the scale when the wires are in the air. When the wires at the free 
end of the iron pipe are heated, a thermo-electric couple is formed 
which causes the galvanometer needle to be deflected and the ray of 
light to travel along the scale. 

To find the temperature corresponding to any reading, a curve is 
plotted with scale readings as abscissae and known temperatures corre- 
sponding to different scale readings as ordinates. 

To determine the scale reading for known temperatures, the wires 
forming the hot junction are immersed in melted sulphur, naphthaline, 
etc., and the scale readings taken. To the temperature reading as 
taken from the curve at the abscissae corresponding to the scale read- 
ing, the temperature of the room has to be added. 

Air Supply. — To determine the amount of air entering the ash-pit 
doors, a casing of galvanized iron is fitted into the door openings, the 
opening into this casing being a circular pipe about three feet long 
and of an area of cross section as great as that of the two doors. 
An anemometer is placed in this pipe, and its readings show the 
velocity which, multiplied by the area of the pipe and by the weight 
of a cubic foot of air at the temperature at the mouth of the pipe, gives 
the weight of air. 

Sample Test. — The data and results of a 128-hour test are given on 
page 161. 
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Date ^?^_??I_'^^"'^^'*- ?' .P^' 

Duration of Test ___/:?? .hours. 

Average pressure of air ____„_.lbs. persq. in. 

109.9 



(i 



(i 



gauge pressure . . . 
temperature of feed water . 



(i ti a (i 



• • • • 



50,51 Q 1^2^92 p 



1. Description of Boilers : Bdbcock & Wilcox, No. 1 . 
108 tubes 4" dia., 17'-8" long; outside area, 1997.3 



12 *' 4" dia.. 


^I_QII tt u u 


56.5 


2 drums 3" dia., 


1 7' ; one-half of shell, 


160.2 



1 84 



by.?_^_in. 



•Area, ft. 



3. 

4. 

5. 

6. 

7. 

8. 

9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 

17. 
18. 

19. 

20. 

21. 

22. 
23. 



Grate surface, ] ^^^—' *"* 

(No , in. by in. J 

Water-heating surface, feet 

Ratio of water-heating surftce to grate surface . . 

Lbs. coal fired, including coal equivalent of wood . 

Unburned fuel 

Coal burned, including coal equivalent of wood . . 

Average coal burned for ___?_ .minutes .... 

Total refuse from coal 

Total combustible 

Average combustible for _ _r_ _ minutes . . . . 

Average lbs. of air for _? minutes 

Air per lb. of coal 

Air per lb. of combustible 

Quality of steam, saturated steam taken as unity . 

Total water pumped into boiler and apparently 

evaporated 

Water apparently evaporated per lb. of coal burned 

Water actually evaporated, corrected for quality of 

Din^CwUX •••• •••••••••• 

Equivalent water evaporated into dry steam, from 

and at 212° F 

Equivalent water evaporated into dry steam, from 

and at 212° F., per lb. of coal burned .... 
Equivalent water evaporated into dry steam, from 

and at 212° F., per pound of combustible . . 
Coal burned per sq. foot of grate surface per hour . 
Water evaporated, from and at 212° F., per sq. foot 

of heating surface per hour 



Boiler No. -?.- 



51.3 



2214 
43.16 



64639 

1 



64639 
126.2 



8669. 
55970 



109.3 
1681~ 



13.32 

15~38 

.983 



Boiler No 



548794 



8.49 



539465 



614277 



9.50 



10.98 




1 Fires not drawn. 
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BOILER DESIGN. 



In the design of a boiler the most important considerations appear 
to be to provide — 

1°. Safety, or strength. 

2°. Durability, or strength for the future. 

3°. Convenience in cleaning and inspection. 

4°. Capacity to do the required work. This is placed last as, rela- 
tively, it requires less attention than the otl^ers. 

All of the above features have been considered in what precedes. 
In many localities certain laws or rules are in force which, to a fixed 
extent, govern the general allowable working stresses in various parts 
of a boiler, and these must be given due consideration. Especially in 
marine work is it necessary to conform to the inspection rules of the 
insurance companies, as well as those of the boards of inspection 
appointed by law. For example, the United States Inspectors' Rules 
limit the working stress on wrought iron welded stays to 6000 pounds 
per square inch. The maximum working stress on stay rivets is lim- 
ited in the same way. 

Type of Boiler. — The kind of a boiler to be selected for any partic- 
ular work or locality depends on many things, and it is seldom advis- 
able to vary much froiii the existing common practice. Thus, when 
the feed water obtainable is likely to deposit much scale, or is dirty, 
the externally fired, horizontal, multitubular boiler would not be desir- 
able ; with good, clean, soft, river water, however, this boiler gives very 
good results. When muddy water, or that depositing much scale, must 
be used, the boiler should be so constructed as to be easily and con- 
veniently cleaned. 

The working pressure to be used also influences the selection. For 
externally fired boilers it is not advisable to have the thickness of the 
shell exceed ^", and better f ", on account of trouble from overheating. 
Thus, the diameters allowable for high pressures become small, and 
some type of sectional boilers is chosen. Quite large externally fired 
boilers are now constructed for high pressures in which a very efficient 
longitudinal joint allows thin plate to be used. 

The cost of fuel, other things being the same, makes boilers of 
higher evaporative efficiency desirable, the greater such cost becomes. 
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For cheap fuel and bad water the plam cylmdrical boiler has given 
good results. 

The room available often makes a choice impossible, the restrictions 
being such as to positively fix tHe type. Such is the case in locomo- 
tives. With small ground room and ample height some type of verti- 
cal boiler is made necessary to obtain the jxjwer retpiired. In marine 
practice the type is usually governed by the room available. 

The type of boUer having been chosen, it then remains to so pro- 
portion its parts as to satisfy the four conditions mentioned, and also to 
satisfy the inspection rules. 

For all types, the amount of water to be made into steam being 
known, we must provide — 

1**. Sufficient grate area to burn the fuel required under the avail- 
able draught. 

2**. Suitable combustion space and flue area to carry off the products 
of combustion. 

3°. Sufficient heating surface to absorb the heat of combustion. 

4**. Proper water space, so that an irregular demand for steam may 
not cause too great a fluctuation in the water level. 

5°. Suitable steam space, so that the steam required at intervals will 
not cause too great a fluctuation of pressure. 

For most types the relations between the above-mentioned quantities 
are known within narrow limits, each type having had its dimensions 
varied until good results were obtained. These relations may thus con- 
sistently be used in designing. The method of procedure can best be 
shown by means of an example. 

Suppose we wish to design a 70 H.P. (A.S.M.E. standard, page 80) 
horizontal, multitubular boiler to carry a working pressure of 150 
pounds per square inch, and to be subjected to a test pressure of 225 
poimds per square inch. The fuel is to be anthracite coal ; the length 
of the tubes is to be 15 feet, which is not to exceed 60 diameters ; and 
the heating siu'face must be at least 37 times the grate surface. 

Let G = area of grate in square feet ; 

C = area of smoke passage through tubes in square feet ; 
H= heating surface in square feet ; 
8 = steam space in cubic feet ; 
W= water space in cubic feet. 

The water to be evaporated, from and at 212° F., is 

34.5 X 70 = 2415 pounds. 

For this boiler we may safely assume that one pound of anthracite 
coal will evaporate 9 pounds of water from and at 212° F., and at the 
same time allow some margin for economy. Also that, with reasonable 
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draught, 12 pounds of coal can be burned per square foot of grate, 
which leaves some margin for an increased capacity. 
The weight of coal burned per hour will be 

2415 



— ^ = 201.25 pounds. 



The square feet of grate area will be 

In this case the tubes must have an outside diameter of at least 
3 inches ; and lor a standard charcoal iron boiler tube we have its inter- 
nal circumference 8.74", its internal and external transverse areas 6.08 
and 7.07 square inches respectively. 

Now assume (page 81) that (7:G=1:8; then the number of 3" 
tubes required to give sufficient draught area is 

22.36 X 144 ^ gg 
8 X 6.08 

Steam Space. — This may vary widely, but the rules given on page 
79 will give us a means of finding values in cubic feet per H.P. suitable 
for use here. 

1°. Let us assume our engine to use 30 pounds of steam at 70 
pounds pressure per H.P. per hour, and that the steam space shall be 
sufficient to supply the engine for 20 seconds. 

The absolute pressure is 85 pounds nearly, and the specific volume 
of steam at this pressure is 5.125. 

The steam space required per H.P. is 

30 X 5.125 X 20 ^ ^ g^ ^^^.^ ^^^^ 
60x60 

» 
2°. Assume the steam to be used in a triple-expansion engine at 150 

pounds pressure, 165 pounds absolute, and take the engine as making 

60 strokes per minute, and cutting off at one-third stroke. 

If we take the specific volume of the steam as 2.75, and assume the 

steam space as 60 times that of the cylinder, we shall have the space 

required per H.P. 

13x2.75x3x60^ ^^^.^^^^^^ 

60 X 2 X 60 

We will assume 0.85 cubic feet per H.P. 
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Diameter of Boiler. — The total volume of our boiler is then in cubic 
feet. 

Steam space = S = 0.85 x 70 = 59.5 

Water space = W= 2 *S ( page 79) = 119. 

Tubespax^e ^ ^^x7.07x _15 ^ ^^^ 

144 

227.1 

The area of the end of our boiler is 

227.1 X 144 ^^^gQ^ g^^g^j.^ .j^^j^^g 
15 

Or the diameter is 52.7"—. 

We will try a diameter of 54", which will make allowance for the 
space occupied by the staying. 

Heating Surface. — If we allow one-half of the shell and the total 
inside surfaces of tubes as heating surface, we have 

Heating surface of shell = — — = 105.9 square feet. 

2 X 12 

" .. tubes = ^---^i-^^-^^-^-^ = 721. - - 

12 



Total = //= 826.9 " " 

= 37. 
G 22.36 



H^ 826.9 ^ 3^ ^^^^.^ 



The heating surface of the back head will increase this ratio 
slightly. In arranging the tubes, it will be best if possible to put in 
more than ^^. 

When the ratio of JB" to G comes low, the number of tubes must be 
increased and a new boiler diameter determined. The draught area will, 
of necessity, also be increased. 

We will make the boiler 54" diameter at the outside of the inside 
shell, with ^^, or more, 3" tubes and a grate 54" wide and 60" long. 

Water Level. — To have Tr=2)S', we should divide the transverse 
sectional area of the boiler into two parts in the ratio of 1 to 2. One 
method of easily doing this with the aid of a table of areas of segments 
of a circle is as follows — 

The transverse area is that of a 54" circle, minus the combined areas 
of the tubes, or 

2290 -mx 1.(^1 = 1823.4 square inches. 

One third of this, or 607.8 square inches, is the area of the segment 
occupied by the steam. From the table of segments we lind the height 
of this segment = 16.8". 
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To give the required steam space S = 59.5, not allowing for space 
taken by the stay rods, the segmental area will be 

59,5X144 = 571.2. 
15 

The corresponding height is 16". 

If the tubes can be arranged suitably, it will be best not to have the 
mean water level more than 27 — 16.5 = 10.5" above the centre line of 
boiler. 

Tube Sheet. — The tubes should be arranged in horizontal and verti- 
cal rows if possible. They may be placed at the intersections of lines 
making an angle of 30° with the centre line (Fig. 56), if this is necessary 
to get in the given number. The distance between tubes should not be 
less than |", and had better be 1". It is advisable, for the sake of good 
circulation, to make the horizontal greater than the vertical spacing, 
also to secure a central circulating space, as shown in Plate I., when 
possible. 

The common range of water in a boiler of this size is 6", 3" above 
and 3" below the mean water level. The tops of the tubes are usually 
set 3" below "low water," which in this case would be 10.5 — 6 = 4.5" 
above the centre line of the boiler. The tubes should not be placed 
nearer than 3" to the shell, and should be from 4" to 6" above the 
bottom of the boiler. The hand hole should be located as low as possi- 
ble, the flat surface for a gasket being at least f " wide ; and no tube 
should be nearer than 1" to its edge. A tube sheet fulfilling these 
requirements, except that the top row of tubes is placed ^" higher, is 
shown in Plate I. Were the central space omitted, it would be possible 
to get in more than 68 tubes 3" diameter. 

The tube sheet is usually made from Jg^" to \" thicker than the 
boiler shell. The internal radius of the flange should not be less than 
^" ; for plates ^" and under the outside radius is often made 1''. 

It often happens that the required number of tubes cannot be put 
in without raising the water level, as is the case in Plate I. If the 
reduction in the steam space thus caused is not permissible, the diame- 
ter of the boiler must be increased. It should be borne in mind that, 
for a given draught area, the smaller the tube diameter, the greater will 
be the tube-heating surface ; since the former varies with the square of 
the diameter, and the latter as the diaipeter. Increase of length also 
adds very materially to the heating surface. A trial by drawing is the 
only way to decide on the number and arrangement of tubes allowable. 
Such drawing, especially if on a small scale, should be very carefully 
made to be of any value. 

If we waive the -^" increase in height of our calculated water level, 
the boiler shown in Plate I. fulfils our requirements. The number of 
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tubes is 68, which will secure a value of — greater than 37. While 

Plate I. was not intended for a solution of this problem, and while 
some changes might be made for the better, yet* it represents the case 
sufficiently well to be used as a basis for the remaining work of design. 
The dimensions given on the plate are correct, but tlie scale is not, in 
some places. 

Factor of Safety. — This is usually made from four to five, and in 
places where the stresses cannot be exactly determined it is often much 
greater. In the case of stay rods and stay rivets, the allowable 
stresses are limited by the inspection rules, and sometimes by law. In 
deciding on a factor, corrosion should be allowed for, a definite amount 
being assumed to take place. In the case of a round rod 1" diameter, 
we would have only a ^" rod after J^" corrosion, and the strengths before 
and after would vary as the areas 0.7854 and 0.6013. In the ease of a 
plate the effect would not be so marked, especially in the joint, the 
weakest part, where the plate between rivets is protected by the rivet 
heads ; yet the effect on a thin plate is much greater than on a thick 
one. Many forms of joints have cover plates that protect the weakest 
sections from corrosion. With reasonable care no corrosion should take 
place on the outside of a boiler properly set. 

We will suppose a maximum corrosion of y^^" to take place on the 
inside of the boiler, and so proportion the parts that there will be at 
least a factor of safety of four after corrosion has taken place. The 
proportions for the joints will, however, be determined from the solid 
plate and will then be tested for corrosion. When there is doubt about 
the exact stresses, a higher factor will be used. In all cases, the sizes 
should be such that there is no danger of exceeding the limit of elas- 
ticity of any part under the test pressure of 225 pounds per square 
inch. 

Thickness of Shell. — For a trial thickness it is usual to allow a 
factor of safety of six on the solid plate. This thickness may later be 
reduced if the efficiency of the joint chosen is high enough to warrant 
it, due allowance having been made for corrosion. In deciding on the 
thickness, the joints on the manhole ring and steam outlets should be 
considered as well as the longitudinal joints. 

We will assume the tensile strength of the steel plate for this 
boiler as 55,000 pounds per square inch. For a factor of six, the thick- 
ness of plate will be (page 103) 

^ ^pr ^ 150x27x6 ^ ^^^ = ,7^", nearly. 
/ 55000 ^^ ' ^ 

We will use ^" steel plate and make the tube sheets ^'' thick. 
Longitadinal Joint. — Let p= pitch on the outside row of rivets; 
d = diameter of rivet, and a = area of rivet after driving ; t = thickness 
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of plate ; f^ = shearing strength of rivet ; ^ = tearing strength of plat 
All dimensions are in inches, and stresses are in pounds per squair 
inch. To be on the safe side, no allowance will be made for the excea 
tenacity due to the grooved specimen, which will tend to offset loss 
strength due to corrosion. In deciding on the proper pitch, it is cus- 
tomary to assume that the joint will fail equally well by shearing the 
rivets or by tearing the plate, the weakest section being chosen. At 
the same time care is taken that the bearing pressure on the rivet is 
not too great. An excessive bearing pressure tends to decrease the 
strengths of both rivet and plate. 

In the joint shown, commonly known as a "welt-plate" joint, lines 
drawn through the rivets in the outer rows give a repeating section. 
Since the outer plate is not as well situated as the inner, so far as 
shearing on rivets is concerned, it will be necessary to base our calcu- 
lation upon the former. The joint may fail in one of three ways : — 

1°. The plate may tear on the outer row of rivets, the resistance 
being (p-d)//. 

2°. The plate may tear on the inner line of rivets and shear one 
rivet on the outer line, the resistance being (p — 2 d)tf^ -\- of,. 

3°. Three rivets may shear with a resistance of 3 af,. 

Equating 1° and 2°, a diameter of rivet may be found which will 
give equal tearing strength for both sections. This diameter need not, 
however, be used, provided the strength on the inner row is as great or 
greater than that of the outer row. From 1° and 2°, replacing a by its 
value in terms of cZ, we have 



d> 



^ tft 



0.7854/, 

For iron rivets and steel plate let us take / = 55000, /, = 38000, and 
t=^^\ then cZ>0.81". For steel rivets, d would come even smaller, 
since /, is larger. 

Equating 1° and 3°, we have 

{p-d)tf, = ^af., 
p = ^^-^d. 

The value a has been used in place of 0.7854 d^, because it is much 
easier to look it up in a table of areas than to make the calculation. 

We will use steel rivets, except in the staying, where iron will be 
used. 

For steel rivets 

a^ tft ^ 7x55000 -OOP I 

0.7854/, 16x0.7854x50000 
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We will use {^" driven rivets ; then 

3x0.518x 50000x16 "IS^.QAn . 
^ 7x55000 "*"iG ' "*■* 

The pitch on the inner row is 2.02". 

With this pitch the raaximmn compression on the bearing surface 
will he, for the bearing area 3 dt, 

{p-d)tf, ^ (;^-c/)./; ^ 3.23x55 000 ^ ..^ ^^^ 
3dt Sd 3 X 0.812 "' " ' 

which is allowable. 

^8 Seam. — Since the ring seams come in the fire, and since the 
stress on them cannot exceed one-half that on the longitudinal seams, 
it is customary to make them single riveted. The pitch used usually 
Hes between that due to a double-riveted lap joint and that of a single- 
riveted lap joint. 

For equal shearing and tearing strengths, the pitch for double rivet- 
ing would be, for ]^" rivets, 

p = ^^-^d 

^ 2 X 0.518 X 50000 x 16 13 
7 X 55000 16 

= 2.15 4- 0.81 = 2.96". 
For single riveting, 

p = ?il^4.0.81 = 1.88". 

^ 2 

A mean of the above would be 2.42". We will allow 74 rivets in 
the ring seain, thus making the pitch on a 54" circle = 2.29" -f. 

Lap. — The lap, or distance from the centre of the rivet to the edge 
of the plate, is usually taken 1.5 d. It is approximately determined 
by considering the part of the plate in front of the rivet as a beam 
loaded in the middle, with a load equal to the shearing strength of the 
rivet, and fixed at the ends. In case of double shear, the load is twice 
as great. For single shear, we have in this case, when h is taken as 
the distance from the edge of the rivet to the edge of the plate, 

af,d _ Jh^ . 
"8~""'^'6 ' 



,^ / 3 af,d ^ / 3 X 0.518 x 50000 X 13 x 16 ^ ^ gj 
\ 4/,« ^' 16 X 4 X 55000 x 7 

The lap is 0.81 -f 0.406 = 1.22-. The rule first stated gives the 
same result, and in most cases is outside this value, especially for iron 
rivets. 
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The cover plate, or welt plate, on the longitudinal joint is usually 
made ^" thinner than the plate. The lap in such case would be, using 
the same beam theory and substituting |" for t, 0.87 + 0.406 = 1.28''—. 
The results obtained by this rule, while not theoretically correct, have 
been found to be sufficient in practice. We will make the lap 1.25" in 
all cases, including the inner part of the longitudinal joint, which is 
never stressed enough to bring the double shear on the rivet into play. 

Area of Uptake. — This is usually made one-eighth of the grate area, 
which gives 

— - — = 405 square inches. 

Make the opening 12" x 34", the latter dimension being taken on a 
chord. 

Length of Sections. — The length of the sections depends on the 
" reach " of the riveting machine and the size of plates obtainable. 
For the sake of uniformity it is well to have the plates of all sections 
the same in width, provided it is possible in so doing to keep the ring 
seam out of the most intense heat near the bridge wall and to satisfac- 
torily space the joint. We will assume the reach of the riveting 
machine six feet, and also that plates can be obtained long enough to 
pass entirely round this boiler, thus making each section of one piece. 

We will take 1" as the outside radius of our tube sheet, which, with 
1\" lap, gives us 2\" as the distance to the rivet line from the outside 
face. Also allow the plate at the front end to project ^" in order to 
protect the caulking at the uptake opening. 

This gives for the width of each plate, allowing for five 1^" laps, 
and for three sections : 

180 + lf + 13| + (5xH)-2i ^ gg^„ 

The distance between rivet lines is then 66f — 2\ = 63|-". When a 
remainder exists in dividing, it is always possible to change the width 
of the uptake enough to bring the result even. 

With this width of plate, the ring seam on the left-hand section 
comes about 14" in front of the bridge wall. The joints are now care- 
fully located and dimensioned, as shown, to the rivet centre lines, 
from which all laying out is done. 

The middle section is commonly placed inside, which favors the 
joint over the fire and brings the manhole, usually located near the 
middle of the boiler, on the smaller diameter. 

It now remains to space the rivets on the longitudinal joints. The 
joints for the middle and right-hand sections may be spaced the same. 
The end rivets on the middle row are placed as near as possible to the 
ring seams, ^" to ^J^" being allowed between the edge of the plate and 
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the edge of the rivet head. Allowing a rivet head 2 d diameter and ^" 
space, we obtain 2^". The problem then is to arrange our rivets in the 
resulting distances 59| and 47^, and leave the pitch as near as possible 
to the one found by calculation in both places. If in the longer joint 
we use 30 spaces, and in the shorter 24 spaces, we will obtain 1.98" and 
1.97'', respectively, in place of the calculated pitch 2.02". If a closer 
approach to the calculated pitch is wanted, it can be obtained only by 
a change in the breadths of plates, which would be desirable especially 
in the more complicated joints, where a symmetrical arrangement and • 
exact spacing is more important than having the plates the same 
in width. The spacing determined above will be used, giving the 
arrangement shown on Plate I., which brings the pitch for both inner 
and outer rows nearly uniform. The rivets in the outer row are always 
arranged opposite either a rivet or the centre of a space of the inner 
row, and are located far enough away to allow easy bending of the welt 
plate. The distance is at least twice the lap, and in this case had 
better be a little more. 

The welt plate is discontinued at the front tube sheet, and the joint 
in the smoke box is single riveted, as shown. The middle row of rivets 
is always placed in line with a rivet in the ring seam. In order that 
this joint may take the stress upon it without distortion, the welt and 
boiler plate should be very carefully bent to bring the stresses central. 
The method of scarfing the plates is clearly shown. 

Efficiency. — The theoretical efficiency of this joint as arranged is 

p-cZ ^ 2xl.97-0.812 ^Qyg 
p 2x1.97 * 

The factor of safety is, — there being no corrosion on account of the 

protection given by the welt plate, — with a working pressure P = 150 

pounds, 

{p-d)tf, ^ 3.128x7x55000 ^ ^ ^^ 

pP27 16 X 3.94 X 150 X 27 

With this factor there is no danger of stressing the joint beyond the 
elastic limit at the test pressure. 

A butt joint with an extended cover plate on the inside, similar to 
Fig. 65, but with only two rows of rivets passing through both cover 
plates, would be better than the one used, and would be easier to con- 
struct. The longitudinal joints are arranged to alternate on each side 
of the boiler and in the steam space when possible, as shown on the end 
and sectional views. 

The joints for the manhole ring and the steam outlets, on account of 
their rounded shape and the stiffness of the boiler plate, are better 
situated to take the hoop tension upon them than are the longitudinal 
joints. For pressures of 150 pounds and over, it is best to use a double 
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row of staggered rivets, as shown, and, on account of the curvature, the 
pitch of the outer row may be made somewhat greater than that calcu- 
lated for a double-riveted lap joint, which tends to increase the 
efficiency. The perpendicular distance between the rows is made such 
that the plate geetion cut in passing from an outside rivet to an inside 
rivet and back to the next outside rivet diagonally, is at least 30 per 
cent greater than the section cut in passing directly from one outside 
rivet to the next. 

For a double-riveted lap joint, the pitch was found, page 169, to be 
2.96". A distance somewhat greater than this, 3\" to 3\'\ should be so 
spaced on the developed outside rivet line as to secure an even number 
of rivets. The arrangement should in both cases be the same as shown 
on Plate I., but the number of rivets will be found somewhat less than 
that on the plate, which is arranged for iron rivets. 

After locating the rivets on the development, a central strip of plate 
— limited by parallel lines passing through the centres of two rivets or 
the spaces between rivets, and about one-half the distance between the 
outer rows of rivets longitudinally in width — is tested, and its factor 
of safety found by a method similar to that used in the longitudinal 
joint. From the chosen width, the hoop tension is determined; the 
number of rivets and the tearing area are found by inspection. 

Manhole. — The manhole ring should be strong enough and- stiff 
enough to take care of the hoop tension belonging to the length of plate 
cut out longitudinally. It is made as small as is consistent with the 
possibility of entering the boiler, and its longer dimension should 
always be placed across the boiler. A lip at least one inch wide is pro- 
vided on the inner edge for seating the cover plate. The bearing 
surfaces of cover and ring should be finished, yet this is not always 
done ; in either case a gasket is used to insure tightness, the cover being 
held in place by a bolt and yoke. For boilers carrying over 100 pounds 
pressure, the rings are made of good gun iron or, better, of steel 
castings. 

Inasmuch as the determination of the stresses in the ring becomes 
exceedingly complicated, especially when eccentric loading is taken 
into account, and at best can only be approximate, it will not be taken 
up here. The sizes successfully used in practice furnish the best data 
for proportions. A rule, often applied by the boiler makers, for the 
styles of ring now in use, is to put material enough in the ring section, 
not counting the lip, to replace the plate cut out, section for section, 
due allowance being made for the difference in tensile strengths of the 
materials used and blow holes likely to occur in castings, also for 
the areas removed by the rivets in the ring. The size of the ring on 
the steam outlet may be found in the same manner, but here the cylin- 
drical portion adds much strength and stiffness. In either case, the 
rings must be wide enough to take the rivets and at the same time 
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allow them to be arranged centrally. Kings of gun iron are seldom 
made less than 1^" thick for the manhole and H" for the steam outlets. 
Steel rings may be thinner. Wrought iron rings are now made for 
both the internal and external forms. 

The thickness of the manhole cover is determined \)y considering 
it as a flat plate subjected to a uniformly distributed load per square 
inch equal to the steam pressure, also to a concentrated load in the cen- 
tre brought about by the spring of the yoke due to tightening the cover. 
The cover is usually made of cast iron, with a raised lip to keep it in 
place and handles for convenience in removing. For higher pressures 
steel will soon be used. 

The hand-hole plates are calculated and arranged in the same man- 
ner as the manhole cover. The joint is made by a rubber gasket at 
least f " wide. For thin plates the yoke is cast upon an elliptical ring 
passing around the opening in the tube sheet, and thus furnishing a 
good support. For so thick a plate the yoke shown is sufficient ; it is, 
however, drawn higher than need be ; the distance from its under side 
to the plate need not exceed 1^". The nut on the hand-hole bolt at the 
back end of the boiler is sometimes replaced by a taper key, which is 
more easily removed than a nut which has been intensely heated ; in 
fact, these* nuts can seldom be removed without twisting off the bolt. 
The hand holes are always located as low as possible. 

Staying. — To be on the safe side, the flat heads of this form of 
boiler, and in fact any heads that require staying, are not supposed to 
have any inherent stiffness, except between the rivets or stay rods used 
as supports. 

In proceeding to stay a flat head, a general method would be as 
follows : — 

1°. Knowing the thickness of the plate, determine the maximum 
distance allowable between supports without unduly stressing or bend- 
ing the plate. For a flat plate of thickness t, supported uniformly by 
stays arranged in lines distant a from each other, as in the side of the 
fire box. Fig. 56, and subjected to a pressure of p pounds per square 
inch, the greatest stress is 

To prevent excessive deflection in the plates, we will use a factor of 
10 on the maximum allowable fibre stress, thus giving a working stress 
/=5500 pounds per square inch. Substituting in the transposed 
expression the known values of/, t = ^", and 2h we find 



' ^ 2p \ 2 X 4 X 150 
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That is, we may locate supports 6.42" on centres without overstress- 
ing the plate or causing it to spring excessively. 

2®. Select a diameter for the stay rivet and see how great an area 
can be supported by it. We will in this case assume \^" as the driven 
diameter of the iron stay rivet, and will allow a working stress of 6000 
pounds per square inch. The area of our rivet is 0.518 square inch, 
and the side of the square that can be supported by one rivet is 






6(X)0x 0.518 ^^gg,, 



150 



Thus If" rivets cannot be spaced over 4.55" on centres without 
overstressing them. 

Rivets under J" diameter are seldom used for staying; they are 
under initial stress due to shrinkage, and on that account so low a 
working stress is selected. 

3°. See what influence the style of staying will have on the pitch. 

In the ease of crowfoot staying, Fig. 50, it is not advisable to make 
the stay rods, which are attached to the shell, of too large a diameter, 
since they bring too great a local stress upon the plate. Shell stays 
are not commonly made over 1;J" diameter, 1^" and 1" being common 
sizes. 

The maximum number of rivets allotted to one stay is four. If we 
assume a IJ" rod, 1.227 square inches area, allow it to be inclined 20° 
to the shell, and limit the stress along it to 7500 pounds per square 
inch, the side of the square that can be stayed by each one of its four 
rivets, or what amounts to the same thing, the distance on centres of 
its rivets, will be 



1 / 7500X 1.227 cos 20 
2^' 150 



o 



eta = :;\/ TT-r = 3.8"—. 



Thus, for crowfoot staying, we would be limited to 3.8" spacing for 
rivets, the smallest of the three spacings. 

In a form of staying such as shown in Fig. 48, the larger of the 
values tti or ag would be used. 

With girder stays, Plate I., the pitch vertically, at least, is limited 
in part by the size of channel, angle, or tee irons used. In channel 
iron, the spacing is limited by the width of the channel. With angle 
irons, the rivet lines should not be far enough apart to cause bend- 
ing of the tube sheet at the point where the through rods give support, 
thus causing leakage. That is, assuming the channel in Plate I. 
replaced by two angle irons, the vertical spacing 3|" should not be 
too great. Tee irons. Fig. 48, top girder, would become too heavy 
with wide spacing between their rows of rivets. 

The number of girders that it is possible to arrange frequently 
fixes the spacing, as in Plate I., where only two girders are possible. 
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Surface to bo Stayod. — Having decided on the style of staying to 
adopt, and on the allowable space to use between rivets, we can locate 
the outer rivet lines on the tube sheet as follows : — 

The tube sheet may be taken as rigidly supported, when bent to an 
outside radius of 1", on a line radically distant from its edge 1\" and, 
so far as the tube sheet and stay rivets are concerned, no rivets need be 
placed nearer to this line than they are to each other. Rivets may 
sometimes be located outside of this limit in girder staying, on account 
of the position of the through stay rods. In crowfoot staying, Fig. 50, 
a line drawn radially distant from the shell Og -j- 1^" locates the outer 
rivets of the radial crowfeet. 

The lower line of rivets should not be placed nearer than 3" to the 
tops of the tubes, for reasons previously given. 

Here, as with the tube sheet, the drawing, carefully made, must 
determine the final arrangement of the stays. 

In Plate I., 6" channel irons were chosen, which fixed the spacing 
between rows of rivets on them at 3^" centres ; this brings the rivet 
heads as near the webs of the channel as they can be driven. The 
greatest distance possible between if" rivets has previously been fixed 
at 4.55", page 174. 

The first line of rivets was placed 3" above the tubes (the scale on 
the plate is not correct). Other parallel lines were drawn above these, 
distant 3^", 4", and 3^" successively, which brought the upper stay 
rods, when arranged 16" on centres, low enough to allow access to the 
boiler. Three rods were now located centrally between the lower two 
rivet lines with the spacing, allowing the channel iron to rest 1;^" in 
from the edge of the tube sheet, made equal. This gave 12" between 
centres of rods. The upper row of rivets came a little too far down, 
rendering an angle iron stiffener necessary, as shown. 

Size of Stay Beds. — It will be seen that the rods as arranged sup- 
port part of the tube sheet direct, and part of it through the girders 
and stay rivets. In general we will assume that a stay rod or a stay 
rivet supports one-half the surface between itself and the adjacent sup- 
port. In the case of the tubes, we will assume that the point of 
support for the plate is located on a line half way between the centres 
of the tubes and their tops. The support at edge of plate is 1^" in 
radially. 

The width of the surface stayed by the lower girder is 7f ", and the 
load per unit of length is 

7f X 150= 1144— pounds. 

By the theory of continuous girders, for a girder of four equal spans 
of length Z, uniformly loaded with w pounds per unit of length, we 
have the supporting forces, beginning at the left-hand end, as follows : 
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tt ^h a ^h M *^^' fl *^^? ^^^ H ^^' ^^^ bending moments at the sup- . 
ports are 0, — ^ i^P, — ^ trP, — ^ wV^, and 0. 

The maximum load is then on the two outer rods, and is greater - 
than would have been the case were the girder cut at the rods and 
simply supported. 

32 X 1144 X 12 



The load is 



28 



The diameter of a steel rod necessary, allowing a working stress of 
9000 pounds per square inch, is 



4: 



32xll44xl2_^^^g„ 



28 X 9000 x 0.7854 

\ 
Before deciding on what diameter to use, the size of the upper rods 1 

should be found, and effort should be made to so arrange the rivet lines I 

as to make the rods nearly the same in size. 

It can be seen that the upper girder is arranged to receive no . 

support at its ends, which simply carry the plate by means of their 

action as cantilevers. The outer rivets are located by the principles 

previously given. The entire area supported by each of the rods is 

125 square inches. The diameter of the rod required is 



4. 



125x150 ^,^^3„^^ 



9000 X 0.7854 

We will make all the stay rods 1|" diameter and upset their ends, 
for threading, to 1|". The number of threads to the inch is taken, ten, 
to insure tight work and save upsetting. It will be found on trial that 
the stay rod is amply strong even when J^" has corroded all round. 

Steel washers, cupped on their inner surfaces, of a diameter slightly 
greater than the distance between rivet rows, and thiqk enough to dis- 
tribute the pressure of the nut, are placed under the cap nuts on 
the ends of the stay rods. Cast-iron thimbles, fitting loosely, bring 
the inside nut beyond the channel. When both nuts are tightened, the 
plate is very rigidly held. Copper washers are sometimes used with 
flange nuts. With steel washers, thin copper gaskets are often placed 
between the outside nut and washer. 

The rivets are now arranged to support the plate as evenly as 
possible. It often becomes necessary to make the spacing less than 
that calculated, since the surface to be stayed is too great for one rivet 
and not great enough for two. The spacing around the washers should 
be symmetrical whenever possible. 

The channel irons now only serve to carry the loads, given them by 
the rivets, to the rods, each rivet staying one-half the surface between 
it and the next support. The support of the girder is also much stiffer 
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if it rested on a narrow edge. It is customary to calculate the 

ler as though it received no help from its connection with the plate. 

an exact determination of the stresses in the channel, recourse 

be had to the theory of continuous girders. We will, however, 

ion the safe side for the lower channel if we assume it cut and simply 

[wpported at the edges of the stay rods, thus making beams 10^" long. 

[The maximum bending moment, 3f, is now determined from the rivet 

floads, and by the general theory of beams we have 

y 

For wrought iron and steel channels we may take / 12,000 pounds 
per square inch working stress. Substituting, we find a value of — A 

I y 

chamiel iron is now selected which has a suitable value of — Or we 

I y 

may, from a table of channels, substitute the value -, and see if the 
resulting stress / is permissible. ^ 

The upper girder may be treated as a beam overhanging its sup- 
ports. Here the supports may be taken as having a width equal to the 
diameter of the stay rod. Find M, and proceed as above. The small 
angle iron may be assumed supported at its ends. 

The flat surface of the tube sheet above the hand hole should be 
braced by two radial stays of 2" xf " iron bent up at the ends to fit the 
plate. One rivet should be located at each end as near as possible to 
the bend. A similar stay, arranged for two rivets, is shown at the 
top of the back head of the locomotive boiler on Plate V. 

Supports. — The bracket support, shown in Plate I., is very com- 
monly used. Since the boiler plate is already heavily stressed, it is 
advisable to spread the rivets, holding the brackets in place, over con- 
siderable area. On this account, brackets less than 10" wide are seldom 
used for large boilers. The height is also made sufficient to distribute 
the stress. For boilers up to 16 feet long, four brackets are used; 
boilers over 16 feet long usually have six brackets. The arrangement 
is such that they take equal loads and support the shell with as little 
bending action as possible. For four brackets, the best location is a 
little less than one-fourth the tube length in from each tube sheet. 
The height is such that the brickwork may allow one-half of boiler to 
be exposed to the gases and yet protect the bracket. 4^" above the 
centre line is a common location. 

To determine the dimensions of the brackets, first calculate the 
weight of the boiler, assuming it entirely filled with water. Also 
&llow for any added weight, such as covering brickwork, pipes, valves, 
etc. The resulting weight divided by four gives the load on each 
bracket. The bearing part of the bracket is usually made 8" to 9" 
long. The resultant load may now be assumed to act 2" in from 
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the end of the bracket. This load tends to tip the bracket about its top 
edge a. The moment of the lower rivet pulls about the point a should 
equal the moment of the load about the same point. The remaining 
rivets are put in to take the shear. The rivets used here are usually 
made larger than those in the joints, i" to |^f " being common sizes. 
Fewer rivets than shown are seldom used, even though they are over- 
strong. The bracket is calculated as a cantilever, allowing a factor of 
safety of at least six. The material is usually cast-iron. 

The method of procedure in another design would be similar to the 
above. The details in all cases should be calculated by the principles 
of applied mechanics, and in all instances where approximate determi- 
nations are used care should be taken that the results are on the safe 
side. 
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